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PREFACE 


The following work on Chemical Statics reproduces the 
lectures given by me in the winter and summer semesters, 
1897-98, at the University of Berlin, under the title 
' Selected Chapters in Physical Chemistry.’ It is a second 
part to the ' Chemical Dynamics,’ but at the same time is 
as far independent as possible, and deals with the methods 
which yield conclusions as to molecular magnitude, struc- 
ture, and grouping, and consequently bring into life our 
present conceptions on the structure of matter. The theory 
of solutions and stereochemistry are treated especially fully, 
in accordance with the present interest attaching to them. 
That Part I of the ‘ Lectures on Theoretical and Physical 
Chemistry’ has already been translated into French and 
English may perhaps be regarded as a recommendation 
of the present Second Part. 


Chahlotxenburg, 
March, 1899. 


J. H. TAN ’T HOFF. 


(X)NTENTS OF PART II 


VMIK 

The Division of the Woek and the Tueathknt choben 9 

1^\RT 11. 

CnEMICAL STATICS. 

Contents and Aeeanoemknt . . . , . . .11 

Tho ntouuo tt 

luttl^nntlnr hyiHuthoMis . , . , , , * ^3 

/. MdLF.VtU.AH WEIGHT AND roiSMElUm: 

MoliM'tOur w<’ight rlH’iiUfnl nM'thtKln . . 15 

PhysHml iiH-'lliiKlH fiS’ <»f niohnstlar wcsght. . rc* 

^ t. MoLKOtiEAii Wehiht Detebmination in Dmattk 

Caheh ....... , . . . r6 

A. A^ogadro*» law .16 

B. Methodn for molecular weight determination In gases 19 

t, Oriliiiiiry 10 

a. of vit|Hiur dtTHHity by manaH of t ho Moaoad law 

itf tliorm»».:.dyimmioH .... . . , , ao 

C. Eesults ........... aa 

t, Coitai^xion with iho atomtHtio hypothonia . . . . aa 

a. Ctiidirmiitiou aatl <»f iitomio weights .... 

:i, Mfitiiroof tho olotiitfchiry molomdoH, nud pulytaorinm . . m4 

|*<i|yat4iiiiiidty. Ilydragou S4 

Moaiitoialo idomi’titH. Moroury ...... ^5 

Alh»tr«i|iy of tho oh^uoutH. uiul oxygon . . . aO 

DisniH-iation of the idomentn at high toinporiiturc^ 1‘1 h^ 

hiilr^oiw 

1*1 ilyifit.iri Mill .......... a7 



6 


CONTENTS 


PAGE 

§ 2. Molecular Weight Determination in Dilute 

Solutions .27 

A. The theory of dilute solutions 28 

1. Henry’s law and the constitution of the dissolved gas . . 28 

2. Avogadro’s law for dissolved substances . . . ‘Si 

B. Methods for molecular weight determination of dis- 

solved bodies 36 

T. Direct methods for molecular weight determination of 

dissolved bodies 36 

(a) Comparison of the osmotic pressure of different solutions 

(Isotony) 36 

(h) Absolute measurement of osmotic pressure ... 39 

2. Indirect methods for molecular weight determination . 41 

(а) The cyclic process can he carried out at constant 

temperature 42 

Molecular weight determination by vapour pressure 

measurement ........ 42 

Deduction of the law of diminution of vapour pressure 

without thermo-dynamics 43 

Thermo-dynamic deduction of the law of diminution of 

vapour pressure . 46 

Abnormal values for abnormal vapour densities . . 47 

Accuracy attainable in measuring vapour pressures . 49 

Molecular weight determination by lowering of solubilit}" 50 

Eatio of partition 53 

(б) The cyclic process cannot be carried out at constant 

temperature 54 

Molecular weight determination by lowering of the 

freezing point 54 

Molecular weight determination by the rise of boiling 

point 57 

Molecular weight determination by means of the change 

of solubility with temperature .... 58 

C. Besults 59 

1. Simple molecular magnitude of dissolved bodies ... 59 

Larger molecules. Agreement with the results of gas density 

measurements 59 

Larger molecules in hydroxylic compounds .... 60 

2. Development of the stereochemical conceptions . . . 6 t 

3. Abnormal results for isomorphous compounds . . . 6r 

4. Abnormal results for electrolytes 62 

The theory of electrolytic dissociation 62 

Electrolytes which follow Ostwald’s law of dilution . . 66 

Electrolytes which do not follow Ostwald's law of dilution . 67 


CONTENTS 


7 


VAHK 

§ 3. S(>Lrr> Solutions -yo 

A. Qualitative considerations 70 

B. Quantitative results 72 

I. I^ioinorphouB mixtures of electrolytes 73 

( lyNtiilliue mixtures of iioU'Clectrolytes .... 74 

Crystalline solid solutions 75 

Isomorphous mixtures 76 

3. Amorphous solid solutions 77 

//. MOLECULAR STRUCTURE (Isomeriffm., Tauton)eris}n), 

§ I. Dktkemination op Constitution 83 

A. Determination of constitution on the basis of the 

valency of the elements combined .... 83 

B. Determination of constitution from formation out of, 

and conversion into compounds of known 

structure 8) 

Iid ramoU'cuIar atomic displacomoiits ..... BB 

§ 2. Dhtmumvnation op Conpioukation (Stereochemistry) 90 

A. Determination of configuration by the number of 

ieomoric derivatives gr 

I. (^uiHtittition of benzene ..... . . . oi 

or li<*uz.(m<^ giveH only a single monosubatituted derivative' 9c 
// KxiHtene(M>f only throe bisubstitutod derivative's . . o.| 

(♦M Ib'nz.c'Ut^ Hubstitutiou products not optically active . 94 

bet ermi nation of po.Mition in the bonzono derive tivo.s . . 97 

B. Dotormlnation of relative distances in the molecule . 98 

t. Mutual action of different groups ...... 98 

■j. Mutual iufliumce of different groups ..... 100 

C. Bteroochemistry ro^ 

I, asymmetric carbon atom and aoparation into optical 

antip<Hb'H . . ie4 

a) Methods based on the pbenomona of solution . .107 

{a) SpontaiMJOUK separation . . . . . .107 

(iB) Hi'paration by forming salts with activo acids and 

baHe.M 114 

ih) Methods of separation depending on chemical action. 

Heparation by moans of enzymes and organisms . .1^5 

j. Simple carbon linkages and compounds with more than one 

asymmc'tric carbon atom 116 

The principle of free rotation . . . . . .116 

Numh(u* of isomers in multiple asymmetry . . .117 

Inactive undecomposablo typo xtB 

Sevend asymmetric carbon atoms 119 



8 


CONTEXTS 



4 * 


Boiiblc ami rt«K format 

Carbon linkano . . . , 

Ring fornifttuin . . » . , 

Storeocliomintry <»f oihor I'b’inrnfi 

Coneluding roinark on . 


i 

i 

I j -4 
I 


§ 3 . TaUTOMKRISM . , . u*fi 


III, MOLKeVLAT auminsit 

§ I. Laws run Mirrt?Ab or 

PoLYMOKi‘in<; 

A, The stable modifleatioi^ mimt liaY*i tlio «iiia||ifr w^iumr 

pressure and the amiilkiratduhility ... 

B. The stable modlllcatlon mimt hitY# tht? Itlubnr iiJideiiig 

point 


C. Possibility of a traniltiori ttiiiipiimt wrii . 

B, When there is a tranaltion ili»? 

tion stable at low teinpemtiinm in forinwl iVijiii l.|i« 
other with evolution of hiiat > . . . 

E. Polymorphio mmlifUmtiona havo a otiiiiiiaiit rafiii ot 
solubilities, proportioniil to tho tliirt*r-pnf4ta orwllk 
cients of the saturation immmtrm, in wliodi 

take up so little of the atthstanoii, that llip pf 
dilute solutions are applioahlt , . , „ 


§ 2 . Actuai. Minmviktt AnuAmmumtH » , , , 

A. Belatlve position of molm^uloointiroa in thn prfmutUm 

figure 

I, Tin* fundiimpnewl law nf u^-rntrinml r « ' 

Ninuminn) . 

а. Attempt at expbmidbm nf tfi*, ||rj^iiiriri*v4l hf rnmniir. 

miiiit of mnlpetik eeiitri^^ il'ninkeiiliwiiit, llra%ai%| 

3. Miitkin« ef aymmptry in .... 

4. Sohneke*M |wint 

5. The funckttteriial law ef |i|iy%irat *'i'r'^lall»»iira|4i)’ , 

б. Moleeidar . 

B, Orientation of the moleouto, in Un* pry,ii*| 

I. Elation* Imtwm, .yii.m.-lry i.. i|,.. . ry.i*« »„,J 
meleewki . . , , . 

a. Influent «f aha«s,,« in Ih., 


» :(!i 


■5 


3 i I 

< i 

-i: 

3 in 


l|K 
a - t 


THE DIVISION OF THE WOEK AND 
THE TEEATMENT CHOSEN 


In the inevitably arbitrary division of any subject it is 
W(dl to choosG so that it may easily be seen where each part 
bcdongs. Tor this reason the treatment adopted by Lothar 
Moyer in tlie later editions of his Modern Theories of Chemistry 
Boeined to me appropriate for my lectures: in it the whole 
is divided into Statics and Dynamics. Statics then deals with 
single substances, i.e. with views on the structure of matter, 
the con(i(^])tion of atoms and molecules, and on constitution so 
far as tlie determining of molecular configuration. Dynamics 
is devoted to the mutual actions of several substances, i. e. to 
chemical change, affinity, velocity of reaction, and chemical 
equilibrium. 

To tliese I have added a third section, in which the chief 
object is the comparison of one substance with another, and 
consocpiently the relations between properties — both chemical 
and physical— and composition. 

In prf^paring for the press I have preserved this arrange- 
m(>nt, only making a change in the order in accordance with 
tlu^ development of cliemical science in the last ten years. 
Until then Dynamics, that is the study of reactions and of 
equilibrium, took a secondary place. But lately, and espe- 
cially ninco the study of chemical equilibrium has been related 
to thermo-dynamics, and so has steadily gained a broader and 
safer foundation, it has come into the foreground of the 
chemical system, and seems more and more to belong there. 



10 DIFISIOX OF THE irONE 

The following arrangomont is an i’\|«*ri> 

inent : — 

First Part: Chonu<*al Dyiuuaa‘>t. 

Second I?art: Cheini('al Htnfirs. 

Third Part: Eolations indwtH-u and run. 

stitution. 

The logical advantage galin-d in fhis way tliat 

in the First Part it is possilde to proc^e.il willo*ni any liV|«u 
thesis on the nature of matter, <mly the mt4«'-eular eMnei.|.ii«trt 
being made use of. Not till the Sectmd Part dut-t t||i» nlMUiir 
hypothesis come to the front, and witti it |»r»4d*’iir. e| ntie 
hgxiration. Finally comes the still very ohseiire »»f 

the relation of one body io another. 

There are two points, luAvever, that shoyld ri^iio'rinl 
From the logical side it may he ohjetded tliat 
corned with the simphn' problem, sinn* it disili «ji|i 
su])stancos at rest, whereas DynamieH tleidn with a rMiJi|t|e\ mI' 
substances in action. Tliis tihjiH’lion, h«*u«wm\ lei** I*-;*. 
when one rememhors that the single stde4aie’e r.a-rr=’v|«.|id-. Im 
the state of eipiilihrium hdltwving n eom|d'eted r*’:irt 4 *,ai ^iid 
indeed the sim[>lesi form ef «Mpiihl»riniit and et’eMrdiiiL*l\ 
Part II is devoted to th<^ mere detidled ‘diidy el tiii-i liioil 
state. 

From the paodagogic point <4' view, pliiring lir'ii 

can be duluous only to thf»si’ cheiiiiMt.^ wlie are 11*4 widl pir^ 
jiared in Physics, and cons«»tpiemly liav#^ iimI iiiit/4r»iy ev'#.r llie 
chief lines of their mvn Huhj<n*i. 

The troatinent choHiui ooiTesponds wdlh tlnst I linv#» I'ollMiirrl 
in teaching. rtconsistH essi»idially In tle-Vidt*piiiM earfi 
y.ation from a aimcmlly chtKStm ronerete i#\perii!ientiil 1 in 

this follow an exhibition- as far im po^^ilile grapliir - nf Hip 
leading results, the cHmelusioti-H drmvii, mid, tlieoretiral 

remarks on the generality and iippliciiliilily nf Ih-r* 


PART I! 


CHEMICAL STATICS 


iiiul (trv((ii(f(‘mrnt. As <*K|>laiiitMl in ilH‘ inir<»- 
eluanical siati<‘s tr(‘nis a sin<;’lp snhsiniHM* as a nisp 
uf t‘t|uiHl»rnun ofthn simplest kiinLocPurrin^ on cnmph'tion 
<*f a rnactiou. It is, in thn fii’st instanci*. tlrluuMl hy its 
(jualitat ivt‘ atal quantitative eniupusit inn. l»ut- as, l\jr tht* 
saine ('unipnsit inn, it. is piissihlt* t(» have diflereut Htai<*.s 
nf e<|uilil»riuia, e, pnlynn*risin and i.sniu(*i“i.s)n, a cltwep 
eharaet i’rizaf inn is neeessary. ddu* external had u res, apart 
tVnui liy put Itrsi.s, whellnu* physieal, .siudi ns Inait of fnnna- 
t inn. density, npt ient rntatinn. erystnlline Inruq aiul on. 
nr <‘heinieal. ns atlinity, Vf*ln(‘iiy nf react Inn, atnl Ht» on, luivt' 
lint up in the present nlihrdtsl any nu'iuis nf* pinslietinf.^ 
the rnnditi<»n.s nf .stieh pnlyinerisia nr Lsninerisin, d'he (aim' 
is tlitrertiit if undeeular anti atnmistit* thetny takt*n as 
tlie sturiiii;^ pnitti. Wt* mu,st {Ja*refurt'‘ irtad. eluunieal 
.stalii'H in tluH sense tnn. J. t*. wt* niUHt <lt*vt*lnp tJu* vi(»WH 
as tt» the internal Hiruettiri* td’ niuttiu*. after sayin|j^ a word 
tui the hasis nf tin* nn»h*etdar ainl ntnnustie; ir(»n,tnu*nt:». 

Tilt iiiiintlr it is wtdl known, is an aitcunpi 

at lexpliiinin;^ the peculiar ridatitaiships ohstuAnal in tlu^ 
quaiiiitiitive cnnipoHitinn of (sanpoundK. Tliree funda» 
inentid laws liiivi* proved to he strictly trin^:— 

I. The law nf constant cfanposition, which a.inounts to 
saying that a compcauid, however prepannh has always 
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the same composition, e.g. silver chloride always contains 
75.26 V Ag. 

2. The law of multiple proportions, according to which 
two elements that come together in several coinponutls 
occur in the same ratio, or in ratios that arc related hy 
means of whole numbers ; c. g. compare 

Silver chloride (with 24*74 71 Cl and 75*26 Ag) an<l 
Silver chlorate (with 18*54 71 Cl and 7 ^ Ag) ; 
the ratio of chlorine to silver is the same in the two. 
viz.: 

24*74 : 75*26=0*329 and 18*54 : 56*40= 0*329- 

On the other hand, compare 
Chlorine iodide (21*847! Cl and 78-16 71 iodine) atul 
Chlorine tri-iodide (8*52 71 Cl and 91*48 iodine) ; 
the two ratios of chlorine to iodine arc in a wholi^ niimlH»r 
proportion, for 

21*84:78*16=0*279 and 8*52 : 91*48 = 0*093= ?| X 0*279. 

3. The law of equivalents, which expresHt^s that two 
elements combine with equal quantities of a third, in 
a ratio equal to that in which they eoinbiru^ with tmv 
another, or in a ratio related to tlio lattm* by a whole 
number. If, e. g., wo compare 

Silver chloride (24*747^ Cl and 75*26 7^ Ag), 

Silver iodide (54*04 7^ I and 45*96 7 ^ Ag), witli 
Chlorine iodide (21*84 7^ Cl and 78*16 y 1 ), 
the ratio of the amounts of the elmnents conihincHl with 
equal amounts— say 75*26 parts— of silver is: 

'7^-26 

2474 : 54*04 X = 0*279, 

i.e. the same as in the direct combination of clilorinc 
and iodine. 

If we had chosen chlorine tri-iodide (witli ratio 0*09^) 
as instance, then obviously the integral ratio 3 : i woiiltl 
have been found. 
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These three fundamental laws are explained on the 
atomistic hypothesis. Assuming that the elements chlorine, 
silver, and iodine occur in discrete particles of fixed mass 
— atoms (chlorine = 01 = 35 ' 5 > silver =Ag= 108, iodine = I 
= i!zy ) — we have ; — 

1. In the symbol AgCl for the particles of which silver 
chloride consists, the expression for its constant composition. 

2. In the symbol AgC103 for silver chlorate the expression 
that here chlorine and silver combine in the same pro- 
portion as in silver chloride ; whilst the formulae ICl and 
ICI3 or generally I.,nClw and I^Clg refer directly to the in- 
tegral relation between the proportions in which iodine 
and chlorine occur in the later example: 

ml pi m p 


3. The constant or multiple ratio of combination between 
chlorine and iodine indirectly (combined with equal 
amounts of silver) and directly is equally expressed by 
the three general symbols 

Ag^Cl,, Ag,I„ 

since the ratios of the halogens combined with the same 
amount of silver and the direct ratio of combination are 
given by 

qCl si grCl nCl 
^Ag>Ag"~ psl ml ’ 

whilst 

grCl nCl 

i — — : — - = arm : psn, 
jpsi mi ^ 


It may be added that the assumption of the invariability 
of these atoms in quantity and quality is a simple expres- 
sion of the empirical law of the conservation of mass and 
of the invariability of the elements. 

The molecular hypothesis is a direct consequence of the 
assumption of atoms, and so rests also on a chemical basis. 
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It is very important, however, that it was developetl 
pendently in the region of physics, and that the ndations 
between molecular weights so formed could be brought into 
perfect harmony with those obtained on cliemieal grounds. 

Starting from these hypotlieses on the nature ol* inatt(n\ 
and bearing in view the aim of e.Kplaining difitu-enet's of 
properties when the qualitative and quantitative compo- 
sition is the same, we have first to eonsichu* moltundar 
weight, and the special kind of isoimaism that is referr(‘d 
to differences of molecular weight, i. e. polynu^rism. Nt‘xt 
comes the internal structure of the moleeuie, with tlu‘ 
differences so arising, and associated witli tlui plu^nomenon 
of isomerism in the narrower sense. Finally conu\s the 
arrangement of molecules to form crystalline iigures wliosc 
differences constitute the phenomenon of polymorphism oi- 
physical isomerism. Accordingly the following division 
is adopted: — 

1. Molecular weight and polymerism. 

11. Molecular structure and isomerism. 

III. Molecular grouping and polymorphism. 



I. MOLECULAR WEIGHT AND 


POLYMERTBM 

Ab tueutioued abov(s molmilar hypotluLMiH rtmts upua 
a baBLS botli clunuical and phyMicab Acunrdini^’ly the 
metbodB for the didermination of nioh*cular i>eIon^' 

partly to ehoinistry, ])artly to jdiysuLs. 

Molecular nrclifltt dcfoitu ital!oai< lof clieatlcal Uiftlnrls 
start from tli(‘. atomi.si.i(! hypothesis, aeeordiuj^ !<» whieh tlif 
molecule is built up of atoms; if a, (‘ompound contain 
/>, ^/, a.n<l r pen* emit, of earlHin hydro^nm (11 i l, 

a.ud oxy<;»’(‘n (Or-" i6) respt‘etiv(‘ly, iht^ ratio <d‘ the number 
of atoms G, and c is i^’iven by 


in which n, h, aii<l c must bc^ wliole numbers. This does 
not, however, allow of tixin^ n, h, ami c, for if the least 
integral relation has beam ealculatt*d all tin* fonmdne 

((I, Ih (KU 

in whicli n is unity, or some*, otlnu' intt‘g<*r, w<udd Hatisf^^ 
tlie conditions. 

To d(^.termine thcrcifore reijuires a second criterion, 
which in tlie r(*giou of elnanistry mostly h*ad.s with suf 
ficient probability to a deeisiem, Imt so far md. wiili lihsedtit** 
certainty. It is suiiplied by the chi‘nucal b<‘haviour c*om- 
himition and naietion which nmdm's certain moli'cular 
weights probable. Thus taking acetic acitl 

and rememliering that it ariH(*H liy oxidation of alcidtol, f<u- 
which the simplest possible formula is and forms 
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a silver salt C2H3Ag02 containing at least two eai'hon 
atoms in the molecule, 71 = 1 for acetic aci<l is practically 
excluded, and rendered very proLable. 

These chemical methods, though mostly sufficient in 
practice, are exposed to tlic logical ohjecttion that tluw 
depend on products of reaction, and that during tlui reaction 
a total transformation of the molecular complex might 
occur; e. g. the formation of acetic acid miglit ho 

aHoO + aO^aCHp + H/), 

and on the other hand can at most only givc^. a j)rohahh^ 
minimum size for the molecule; it is thiu’clbre fortunatt‘ 
tliat the physical methods are suitable for directly ti^sting 
the molecular weight of the bodies in question. 

In the following collection of md/iiHln /or 

determination of molecular a Sidection has bt>eu 

made in accordance with the plan of tlio work. On tht^ 
one hand are the methods based on Avogadro's law, atid 
applicable to gases and solutions; on tlio other arc^ im^thods 
applicable to licpiids, of which that of Edtvds, Ramsay, and 
Shields, based on the change of surface tension with tem» 
perature, is an example; on account of the mnpirical 
character of the latter they will be found in Part III, 
which is concerned with the relations betwcum ])roi)t‘rtii‘H 
(e. g. capillary constant) and composition (and the!’(d*ori» 
molecular weight). We shall therefore eonlim^ otirselvt^s 
here to: — 

§ I. Molecular weight determination in dilute gast^s. 

2 . „ „ „ ,, ,, ,, solutaaiH, 

3 - „ „ „ „ „ solid Holtriimis. 

§ I, Moleculab Weight Detebminatiox in Dilute 

Gases. 

A. Avogadro’s Law. 

It is well known tliat the law on which tlu^, dcdtniiiinaiicm 
of molecular weights in gases is based, as statt*d ly A vogndro, 
is to the effect that equal volumes of dilute gases, nwmiiml 
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under the same temperature and pressure, contain equal 
numbers of molecules, and therefore the molecular weights 
of the gases are in proportion to the weights of those 
volumes. 

The law in question, which, when first stated, was a happy 
combination of known facts, received confirmation in that 
it allowed of predicting new ones, such as the dissociation 
of ammonium chloride on volatilization. But it may also 
be deduced from the kinetic theory. As we shall bring 
forward the confirmations of the law later, under the head 
of * results,' we will here begin with its theoretical 
deduction. 

^ The kinetic theory of gases, treating gases as consisting 
of small, perfectly elastic spheres, involves Avogadro’s law 
as the limiting case of extreme dilution. When the 
dilution is sufficiently great, the attractions between the 
molecules cease to be of account, and the volume of 
tlie molecules may be neglected in comparison with the 
total volume occupied by the gas. The deduction of 
Avogadro’s law from the kinetic theory in the general 
case is complicated, and for the purpose of this work it 
is sufficient to follow it out under special simplifying 
circumstances. 

In the first place, for simplicity it may be assumed that 
the velocity of all the molecules is the same, viz. C metres 
per second. Secondly, that the 
movement inside the cubical 
vessel of V cub. metres ca- 
pacity (Fig. i) that wo shall 
consider, is so distributed that 
the molecules move only at 
right angles to the l)Ounding 
planes, and equally so, there 
being always one-sixth of the 
iV molecules moving forwards, 
backwards, right, left, up, or down. Hence there strike 
unit surface (one sq. metre) in unit time (one second), one- 

B 
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sixth of the molecules contained in a parallelepiped at 
right angles to the surface, and C metres long ; i. e. 

6V ‘ 

They are repelled with equal velocity; so that the whole 
have in the second suffered a change of velocity of i0 
metres per second. The force needed for that (P kilo- 
grams pressure per sq. metre) may, according to the law 
force = mass x acceleration, 

be calculated as 

^ NC ^ NMG^ Lwunz 

P = -^^Mx 2 G =: — or PV= 

6 V 3 K 

where M is the mass of a molecule. 

For two gases at the same temperature and pressure we 
have consequently : 

(.) == 

The third condition, equality of temperature, includes, 
however, a further relation, for it may be shown that 
equality of temperature corresponds to equality of mean 
kinetic energy of the molecules, or 

from which by combination with (i) we get 

iVi = 

that is an equal number of molecules for equal volume, 
pressure, and temperature. 

Before we describe the methods in which Avogadro's law 
may be applied, we may conveniently put it in a single 
mathematical form which expresses also the laws of Boyle 
and Gay-Lussac. It is well known that the last two may 
be represented by 

PF = pr. 

If the molecular quantity of different gases be taken, then 
according to Avogadro’s law, as just stated, for equal 
pressure (P) and temperature {T\ the volumes {V) will 
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also be equal, which amounts to saying that R referred to 
the molecular quantity has the same value for all gases. 

Taking 2 kilograms of hydrogen as basis for calculating 
this value of jR, we have for atmospheric pressure and 

0° a 


P = 10333 kg/sq. m. P = 273 F= — cub. m. , 

since one litre of hydrogen at 0° and atmospheric pressure 
weighs 0*08956 gm. Therefore 

R = 845*5. 

Since this number happens to be approximately twice 

the value of the calorie in kilogrammetres = 4^3) 

expression for the laws of Boyle, Gay-Lussac, and Avogadro 
simplifies, approximately, to 

APVz^zT, ‘i- 


B. Methods for Molecular Weight Betermination in 

Gases. 

I. Ordinary Process. 

The application of Avogadro’s law, formerly the only^ 
means of determining molecular weights, has, since tlie 
introduction of the simple methods based on the theory 
of solutions, been practically confined to Victor Meyer's 
process 

As in all such methods, the procedure consists essentially 
in measuring the volume (V) of a known weight ((?) as gas 
or vapour under a definite pressure (P) and temperature 
(T). An equal volume of hydrogen would, under these 
circumstances, weigh 

0-08956 PV X ^ = 24-45 — 
if weight, volume, pressure, and temperature are given in 

^ Berl. Ber. 30. 1926. 
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grams, litres, atmospheres, and in absolute centigrade 
measure respectively. Since under the specified circum- 
stances there is, according to Avogadro, proportionality 
between total weight and molecular 
weight, we get: 

PV 

24-45 ^ = 



Fig. 2. 


where M is the desired molecular weight, 
and 2 that of hydrogen (see p. 2,4). 

In "Victor Meyers method a cylindrical 
vessel b (Fig. 2) of about 200 c.c. capacity, 
ending in a long neck with a side tube af, 
is filled with air or nitrogen, and brought 
to a convenient constant temperature. If 
now the weighed quantity of substance 
be introduced into the cylinder by means 
of the dropping arrangement d, the vapour 
produced expels an equal volume of air 
which passes through the side tube af 
and is collected in the graduated tube g 
over water. 

The great advantage of this process is 
that it allows of the evaporation being 
performed at a very high temperature, 
which need not be exactly determined. 
Ignorance of this temperature has no in- 
fl.uenee on the result, as it is the tempera- 
ture of the graduated tube, not that of 
the cylinder, that is needed to calculate 
the molecular weight. 


2. Determination of Vapour Density by means of the 
Second Law of Themio-dynamics. 

We will mention here a second method which, though, 
so far, of no consequence in the practical measurement 
oE molecular weights of gases and vapours, may be of 
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interest at the present time in its special application to 
solutions. 

The method is based on the application o£ the second 
law, which, as applied to the process of evaporation, was 
given (Part I, p. 19) as 

dT 


AVdP = q 


T 


where A is the thermal e(pii valent of work = ^ V the 
increase in volume on evaporatioti, in c\ih. metres, of 
a (juantity (say i kilogram) that absorbs q calories, P tln^ 
pressure of the saturated vapour in kilograms per sq. metre. 
A vapour density — and therefore a molecular weight 
detei'rnination— may be obtained from this expiation, sinct^ 
the volume of tlie vapour itself may be taken as V when 
the dilution of the saturatiul vapemr is sufficiently great, 
so that th(‘ nu^asurement of volume is based upon that of 
the change of va])our ])rt‘ssur(i with tmnperature, and tln‘ 
latent heat of e,vaj)orati()n. Taking water as an exampl(% 
with the data : 

Ao = 9-14 = ^7-3<53. <ht. = 

wc get, witlioixt intx^gration, xxsing the fommla 
y_ qC^T _ 584 x_io _ 

” ATaP ~ a«« x 8-233 FipTl “ 

where 13*6 is the density of mercury. Now 77 cub. metres 
of hydrogen at ^ 5 ^ weigh 


77 X 0.08956 X X = 0.114 kg. 

So that the molecular weight of water vapour according to 
Avogmlro is 

Jf : JZ = 1 : 0.114. 
ilf= 17.6, 


which is close to the known value H/) =: 18. 

In the same way the observations for acetie acid show 
an abnormal molecular weight. We may perform thci 
calculation in a simpler way by using, instead of th<^ 
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kilogram as kefore, the molecular weight M as obtained 
from the vapour density- Then 

A VP — 2 y, so that jp — 2 qPdT * 

Introducing the values 

P^^ = 6-6 mm., P^o = q = ^5 cal., 

we have 

2x288^x5 

M = ^ ± =. 107 

85 x9*i X 10 


instead of 60 (= C2H4O2), in accordance with the conclusion 
from direct vapour density measurements, that saturated 
vapour of acetic acid has a nearly double molecular weight, 
and consists mainly of double molecules. 


C. Results. 

1. Connexion vjith the Atomistic Hypothesis. 

The fundamental scientific interest of the results 
obtained by application of Avogadro’s law lies in the 
complete connexion that can be established between the 
chemically determined atomic weights and the molecular 
weights arrived at physically. 

The necessary conclusion from atomistic reasoning, that 
in reactions the molecules concerned must be in whole 
number relationship, as e. g. when methane (CH^) is burnt 
in nitrous oxide (NgO) 

CH4 + 4N2O = CO24-2H2O + 4N2, 

agrees with Gay-Lussac’s law that in reactions the volumes 
of gases concerned are in such a relationship. According 
to Avogadro the ratios in question may be read off the 
equation directly, in the form of the coefficients occurring 
in it, as each molecular symbol corresponds to the same 
volume, so that 

Vol. CH^ : Vol. N2O : Vol. CO. : VoL H^O : Vol. N 

= I : 4 : I : 2 : 4. 
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This relation occurs most simply in the case of the 
elements. The ratio of their molecular weights, i. e. of 
their gas densities, must either be the same as that of theii- 
atomic weights, or, if the molecules are built up out of 
different numbers of atoms, be in integral relation to those* 
Kxact pi'oof of this is rendered difficult by the fact that 
Avogadro’s law is only exactly true for infinite dilution. 
A recent extrapolation in that direction leads to the 
conclusion that the densities of hydrogen, nitrogen, and 
oxygen on infinite dilution are in the ratio 

1-0074 : 14-007 : 16, 

whilst Ostwald gives for the atomic weights : 

T-0032 : 14-041 : 16. 

2. Confirmation and Testing of Atomic Weights. 

The determination of atomic weights by purely chemical 
means is attended with an uncertainty, which may l)c^ 
noticed in the history of the atomic weights, and may 
l)e illustrated in the following way. Choosing as unit^" 
H[ = I, or rather U = 16 as better suited for analytical 
purposes, tlic analysis of 0. g. beryllium oxide with 36-3 
])er cent, beryllium is not conclusive as to the atomic 
weight of lieryllium, but leaves it dependent on the formula 
of the oxide. If it is regarded as BeO we get 
Be : 0 = 36-3 : 63-7 = 21 : 16 ; 
a; = 9*1 ; 

whilst if Bc^O^ is chosen— and both formulae have had their 
supporters— it follows that 

2 Be : 30 = 36-3 : 63-7 = 22; : 3 x 16 ; 

X 9-1. 

The decision hero and in corresponding cases has in the end 
rested on determinations of molecular weight. The deter- 
mination is not possible for the oxide on account of its 


^ n. Bei'thelot, Comjpt, Rend, 126. 954. 
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non-volatility, but can l)e made with the (‘hloride. Tlu* 
molecular weight of the latter, according to tlu^ rt‘HpiH‘ti\ e 
assumptions, would be 

= 9-1 + 71 = 80.x, = ■? X 9-1 4- io6.5 = i ao. 

The former number was fotind by Nilsou and l^dterson * 
and the atomic weight 9-1 so finally sidtltMl T\w only 
change possible would be a halving, &c\, of this atomic 
weight, so that the method gives a maximum valm% Inflow 
which there is neither chemical nor physic^al rt^ason f<*r 
going, and which has, moreover, nH’cived conhrmatioii In 
another way (p. 26). 

3. Nature of the EJlementdrj/ MoltrolrH, a ml Ptil ijmenhm, 

Polyatonvicity. llydnnfen, Ono of tin* heading rcHults 
of molecular study of th(‘. idenuaitM is tin* fin*t tltat tlnnr 
molecules xisually consist of mort* than tau* atom* IIuih, 
the two facts that prove this for hydrogen are; 

The density of hydrochloric acid is referre<t to 

hydrogen, and it contains 274 pi‘r <‘ent. of hydrogen. 

Since the densities, accor<ling ti» Avtjgaflros law, are in 
the ratio of the molecular weiglits, wt* <»ouclude frtan these 
data that the ratio hetwcim the anunmtH of hytln»gen 
present in the hydrogen and l^ydrcnddorit* aeitl mt)leculeH is 

o ^-74 

I ; i8-2^ X -- = % : 1 . 

100 

Thus there is twice as mticli liydrogen in a hydrogen 
molecule as in one of hydiwldoric acid, and ns the latter 
cannot contoin less tlian om*. atom c»f liytlrtjgen, tliere must, 
be at least two in the hydrogen moleciili** Hnch rt^fwotting 
has in no case, so fai% led to the necessity of iiiisuiiiing more 
than two atoms in the hydrogen inohanihx it may be 
regarded as diatomic, with tlie symbi! For tlmt reiiwni 
hydrogen, with if = a, is usually chosen as unit for inoli.x*uIiir 
weight determinations* 

‘ See aI»o Kosimheirn md Wiige, umru. eimn, 15. a8:|. 
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Most of the t^loinentH studied are, like hydrogen, diatomic; 
only a few ha%’'e more atoms, as phosphorus arsenic As^, 
sulphur 8g. 

Monatomw elements. Mercury, Especially interesting 
are the cases in which the elemeixtary molecule is, according 
to the al)ove reiusoning, to be regarded as monatomic. This 
was first shown to bo probalde for mercury; since then 
other metals (z:inc, cadmium, potassium, sodium) have been 
studied in the state of vapour, and appear to behave 
similarly ; and the newly discovered elements, argon and 
helium, belong to the same catcgoiy. Mercury, moreover, 
was the sixbject of an important experiment by Kundt and 
Warburg, which, by the aid of a deduction from the kinetic 
theory, confirms the conclusion of monatomicity. The 
(experiment refers to the ratio between the specific heats 
at constant pi’essur(‘, and constant volume. The latter has 
obviously the sma-lha” vahxe, and in the case of monatomic 
gasc^s r(‘pr(\s(‘nts tliC! increases in kinc'^tic energy of the 
molecular tuovc^nuait ; in polyatomic gases it includes also 
an incrc'asi^ in tlu^. atomic movmnents, more difficult to 
calculates According to tlu'i previoxxs equation 

i>F= INMC'^ 

the kinetic energy 

= |PF, 

HO that its imnease* per degree is 

■5aPF, 

where a = ^ • 

"^If fr(H‘* (expansion (at eonstaxxt pressure) takes place, we 
an^, coneern(‘d with th(^ Hpt*cific heat at constant pressure, 
and additional hmt is rcMjxxircd to perform external work, 
which obviously amounts, per degi'ce, to 

aPF 

The ratio of thti two specific lieats is therefore 
|aPF+aPF: faPF=: 5 : 3 = 1-67, 
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’ whilst for polyatomic gases it is k‘ss, sinet^ t he it^nu ;I a /* V 

will bo greater ou account ot tlu^ kiiu^tie <*ni‘rgy tlu* 
! atomic movements. It is well known that luensurtmu'nts 

of the velocity of sound gave, tlu* ex|)eet(*d \ nlue 1*67 ior 
mercury vapour, and lower valiu‘s lor polyahanie gast\s. 

As according to p. '24 tlui atoinie vvi‘ightH so far foimd 
are strictly to be r(‘gard(‘d as maxima, we havo now an 
1 indication from thermal rtaisoning that, at least for 

i mercury, the maximum has not been plaet'd too high. 

^ Allotropy of tlie eNi)ientK Ozour aiol ojyyoo, A thinl 

! important result of molecular wthghi nH^asuremtaits of the 

j elements has been to show, on grounds of the moleeulur 

I atomistic hypothesis, the (nxishmet^ of ilie sann* eleinent in 

j different, so-called allotropie, forms. Oxygon and ozime 

I form the most striking examph‘. Son^t prov<‘d t hat o/.one, 

I on conversion into oxygen, increastMl in vi^lunte by om* half, 

j so that oxygen being diatomic, ozom* is to In* regnrdt‘d as 

the ecpiation 

1 “ 

I indicating the increase in ih(‘ muuber of mohaades by one 

I half, and according to Avoga<lro, inerenso of vtdnmt* in 

I the same ratio. 

j Dibsociation of the elenieafH n/ hlyh tem/n'rai u (Y, The 

j halogens. A xory weleonui eontirmaiion of tlu' alnno viinvs 

! oil the polyatomidty of the elements is gi\ en in the proof 

I of the possibility of d(‘CompOHing those inoIeeuleH. Kveii 

I sulphur, which at low tmuperatun^s appears m slnjWH an 

I abnormal expansion up to 1,000", h‘ading by llitm to a 

I density corresponding to A furtlna* step in this 

j direction was accomplished by Victor Meyer for the 

I halogens, since ho showed that itnline, winch nitdin* (mu 

j has a density eorresponding to iln^ diaimnic inolecide I ,, 

I becomes lialved in density alnive 1,400"; witli hmimiitm of 

i monatomic molecules or free abnns. 

; It may bo added that in tliis tlirindion lien the jioHsilalitv, 

; if any, of decomposing the elementH tlieinBelves : the mtmm 

I tomic molecule constitutim the last stage towards tin* 
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iindecomposed f-undamental material ; if the structure can 
be still further simplified, then a further decomposition is 
attainable. This is exactly the point of view adopted by 
Victor Meyer in his latest researches. In his Llibeck 
address on 'Problems of Atomistics ’ (1896) he referred to 
this aim. After that, and until the end of his life, he 
occupied himself with experiments in this direction \ and 
had in view molecular weight determinations up to 2,000°. 
The glass vessels had long been replaced by others of 
porcelain, and this material by platinum or the still more 
infusible alloy with 25 per cent, iridium. Finally vessels 
of magnesia were prepared, which, in a lime oven, stood the 
temperature of 2,000° obtained by burning graphite in 
oxygen. But no further decomposition than that into 
monatomic elements was reached in the case of any 
element. 

Folymerism. The difference in molecular weight associ- 
ated in the elements with differences of properties occurs 
also, it is well known, in compounds of the same composi- 
tions, especially in organic chemistry, and is then called 
polymerism. Whole series of similarly composed bodies, 
such as f/yxj' \ 

are known, in which n varies from 2 to 30, accompanied by 
a corresponding change in vapour density and chemical 
behaviour, as e. g. in combination with bromines, the bodies 

of different composition, arise. 

§ 2. Molecula-B Weight Detekminatiox ix Dilute 
Solutions. 

Since the possibility of molecular weight determinations 
of gases and vapours was shown by Avogadro, the modern 
development of the theory of solutions rendered the same 

^ B&t'L Ber. 30 . 1926 . 
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thing possible for these latter substances. We will therefore 
next develop that theory, and then, in connexion with it, 
give the methods for determination of molecular weight, 
with their results and applications. 

A. The Theory of Dilute Solutions. 

Whilst for the determination of molecular weight in 
dilute gas Avogadro’s law can be applied directly, for dilute 
solutions the most varied methods, based on measurements 
of freezing points, boiling points, and vapour pressures, are 
in use. All these methods, however, may be brought into 
connexion with, and regarded as deductions from a law 
exactly corresponding to that of Avogadro, but which refers 
to osmotic instead of gas pressure; the law states, in fact, that 
solutions that exert the same osmotic pressure at the same 
temperature contain equal numbers of dissolved molecules in 
unit volume. This law may be arrived at in various ways. 
We shall here start from the molecular properties of known 
gases, and follow the deduction through gaseous solutions. 

I. Henry's Law and the Constitution of the Dissolved Gas, 

Take any gas of known molecular constitution, e. g. 
nitrogen (Ng) and a liquid, water, in which it is capable of 
solution, and consider the question whether 
the dissolved nitrogen corresponds to the 
formula N2 or possibly is present as N or 
N4 or as a hydrate. We have then to con- 
sider the equilibrium that is set up when the 
water B (Fig. 3) is saturated with the nitrogen 
A under the existing conditions of tempera- 
ture and pressure. Kinetically considered, 
this equilibrium is based on the fact that, in unit time, as 
many gaseous molecules enter the solution B as leave the 
latter 

^ In the following considerations the vapour of the solvent, present 
in A, may be supposed absent, by covering b with a membrane permeable 


I'ig- 3- 
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But from thin a eoticlusiou may bo drawn if the nitrogen 
proHcnt in n connint entirely of molecules N^, i. e. is of the 
same constittition as in the gas. For if the quantity per 
\init volume in A is douliled, that in B must be so too, for, 
with sufficient dilution, this change would double both the 
number of gaseous molecules passing from a into b and 
the numl)er of dissolved molecules passing from b into a. 
So that in this case the concentration C in the solution is 
proportional to tlic pressure P of the gas 

G^lcP 

-»~a law that, under the name of Henry's law, is known to 
be applicable to the majority of gaseous solutions. 

Let us now sti})pose a ditlerent case : first, that nitrogen 
is present in water as N, not as Ng ; then tlie law of absorp- 
tion becomes diilerent also. In order to deduce this modified 
law, let us assmm‘, that in tlui gas too a certain quantity, 
(naai though vanishingly small, of nitrogen occurs as N ; 
then hetwcuai that ami the niti'ogcn in the water there 
must be an (‘quilibrium as in th<i preceding case, and pro- 
portionality as befoiHi™ 

wliertis is tlu^ vmy small pai*tial pressure of the gaseous 
nitrogen in tin*, form N, Tl\is partial pressui'e is not, 
howev(‘r, |)ro{)ortionaI to the total pressure P, since the 
(‘(piilibrium in gas between the two forma of nitrogen, 
acconling to the ecpiation 

is subji^ct, at^eording to the laws of chemical equilibrium 
(cf. l^art I, p. 109), to the relation 

PN,= ifP^N, 

wliere iV, and are the partial pressures of the nitrogen 
in tlu‘. forms N.^ and N respectively, aixd consequently P^^ 

to nitroson, but uot to waters* vai)()ur; although if the vapour were 
present the reiwoning would still hold. 
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differs only by a vanishingly small amount from the total 
pressure P. Hence 

P = and C = Ic^P^ = 

where ^ is a constant, equal to Zq / VK. 

In this case, then, the concentration of the dissolved 
substance would not be proportional to the pressure of the 
gas, but to its square root, which would imply a very wide 
departure from Henry’s law: quadruple pressure would 
not involve a quadrupling of the concentration, but only 
a doubling. 

A different molecular constitution, such as Ng or N^, would 
introduce a corresponding change in the law, so that there 
only remains to consider the case of hydrate formation, 
such as N2 . H2O. This case may be treated in a similar 
manner^, by assuming the presence in the gas of an 
extremely small quantity of the hydrate, or in the solution 
of, besides hydrate, an extremely small quantity of nitrogen 
not combined with water. Both assumptions lead to the 
same result ; by assuming a small amount of hydrate in 
the gas, we bring into play the equilibrium 

N^.H^O^N^ + HA 

with the condition 

P X3H - H3O = N2 ? 


in which Pn^.h^o and Pk^ are the partial pressures of the 
hydrate and of free nitrogen respectively. Since obviously 

P Na ~ P PxaHaO 


the equation may be replaced by 


where 


P N2.H3O 


= A,P, 




K 

x + K 


Since according to what preceded, the partial pressure of 
the hydrate is proportional to the concentration of the 
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dissolved nitrogen, we a ratio between jn'cssure and 
concentration 

a = ]d\ 

exactly as iF tlu^ nitrogen were dissolved in the form 
instead oF N,^ . lIo( ). Hcmce the presence of a hydrate has 
no infiu(‘.nco on the law of absorption ; and generally that 
of any hydrate does not differ from solution of 

the water-free uiok'cules N«. 

We may therefore eonelude that gases which on solution 
follow Henry's law, possess the same xnolecular weight in 
the solution as in the gaseous state, with only the possible 
exception that hydrate formation, always without change^, 
in sixe of tlu^ gaseous molecule, may occur. As already 
remarked, lu^ii’ly all tlu^ gases whose absorption has 
been studied belong to this category: Ho, Og, CO^, 

(X), N/), (dl.!, Cbll.p ^ NO, in water and 

alcohol; (K).^ in carbon disulphide and chlox'oform ; 
in acetone b Imlications of a different behaviour occur 
with NII;> and S(b in watm', wliile HCl in water departs 
so far From Ib^nry s law that an entirely altered molecular 
magnitxide on solution is to be concluded. 

2. Aro(j(HLro\ Livw for Dissolved Substances. 

What for our pui'posi^ is essential in the preceding 
argument is not that the molecular weight of some ten or 
twelv(‘ gas(‘s in solution is known, Init the principle that 
if Ihairy's law of absorption answers to the facts, then 
a gas does not change! its molecular magnitude on going 
into solution. On account of the limited data available on 
absorption, and (‘,Hp(‘cially on accoxint of the fact that most 
Hubstanc'CH art‘, too involatih^, to give gases or vapours of 
measurahlti density, the principle discussed is of minor 
impoi^tanee in its direct application. Wo have rather to 
considtu* the. (|vuvstion — without assuming any experimental 
data on abHor|)ti()n what property must any dissolved 

* Cmnpt. Umd, 124 . 988 . 
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body possess m gas or vapour, in order that it uuiy, on 
absorption, follow Henry s lawl and th4‘ answer is tliat tlu‘ 
gas or vapour must, at eciual tcauptu-atun* au<l eun(*t*ntrati<nu 
exercise a pressure equal to tlu^ osmotic pressun^ oi the 
same substance in the dissolvtsl state. 

The proof of tins may be given in a form dm^ jjartly to 
me\ partly to Lord Kayleigh and partly givam in a. privatt^ 
correspondence with Dr. Doniutn. 

Before entering on the pnM>r, wliieli ihads with osmotic 
pressure and semipermeable membranes, i. meiubrant's 
that only allow the solvent to pass, it may bt* rtmuirked 
that any notion one may haan as to tlie mtadtanism 
producing osmotic pressure, or the aetitm tjf semipermeable 
membranes, is without intlumiee on tta^ reasoning. Thus 
the question whether tin* pressure is prcslueed by (la* 
Hohamt tu' by the dissohed Injiiy can 

© 1h‘ hd't out of (‘onsidernt itai ; so too. 

wludlier it is ihqHmdi*nt on cndllsions 
or by attractive forces. Tin* aedion 
of the mt*mbrane too, \vhetiu*r it is as 
a <u’ by mi'ans id absorpiuin, 

is inditrereni. All tliis is the case 
because the proed to Ih» given is based 
Fig. 4. on tlifuano dynniiiicH, aial is coime- 

qmmtly free fnan assumptitaiH on the 
mechanism. Moreover it is {daiu that twi» Hemipermf‘HbIe 
membranes cannot givi^ ditferent osnadic prcHHuri^H, for tliat 
would allow of a perpdnnm mtlntri tlnw let the ring 
(Fig, 4) he supposed tilhal solution on tlie right , iiitil 
solvent on the left, separated hy two scmipmiiieiibti« nwtn- 
hranes above ami htdow, wliich givr* osmotic prcHsiires 
amounting to pj and p,^ respectively. Huidi 11 ditlereiico of 
pressure would tlien give rise to a flow, %%diicli. m 

all the conditions remain unchanged, W'OiiId never cease. 

After these remarks, let us prm»eed to tlie iietiml pnsif. 
By means of a revm’sible cyclic pna’css curried out at 
^ Zdtmhr.f. Pfiyn, Vhtmh i. 4SS. * 5|. 
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a constant temperature a kiloj^rain of dissolved 
substance X is to be removed from, say, im a(|U(H)us 
solution in the form of gas or vapotir, and n^storiMl to it 
again. 

The removal of the dissolved body X is to take j>Iace 
by means of semipermeable membraties : tlub sohition is 
separated from the undissolved gaseous X"* by tluj paidition 
he (Fig. 5 ), which only allows the gas to pass, whilst the 
pure solvent may be supplied through the walls ah and ed^ 
on the outside of which is solvent. 

Gas or vapour pressure and os- 
motic pressure are to lie kept in 
equilibrium by means of two 
pistons, above and Ixdow. Now 
1 kilogram of the dissolvcMl body X 
occupies under tempeu-ature T and 
pressure P (kg. /s((. m.) a volume 
of V cub. metres. Tlic ratio of ' » d 

absorption is sxich tliat this vapour Fig. 5. 

is in equilibrium with a solution 

that contains 1 kilogram of X in v cub. metres, whi<‘h solution 
exercises an osmotic pressure (bg. / s(i. m.). If now 
both pistons be moved upwards, i kilogram of X may 
be removed reversibly from the solution, an amount of 
work being done by it 

PF=/eT (i) 

wliilst an arnoxint of work is perfonm^d against tlu* osmotic 
pressure, which we will express with the n(‘ga.tive sigti ns 



A second process now, will r(‘store> tluj vapour of to the 
solution. First let the vapour (jixpand to a v(‘iy grtait 
volume and in so doing pmd’orm woi‘k 

r^’oo V 

PdV^RTj^ MT log y . . (3) 

The so diluted vapour may now bo brought into contact 

c 
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, ^ „ nf -water a process -whicli, in the limiting 

with a volnm reversible, for nnder those 

the wate^ wed. 

work ~y 

-f P,dV,. 

Jo 

Here, however, P, has not the v<ane given by 

= RT, 

but a smaller value, because a part of the vapour has gone 
but a smanei , exactly i kilogram when the 

into solution. This part is exa y .-f -rT-„_V<s law of 
pressure has risen to P, and consequently, if Henry law ot 
absorption is true, when the pressure is P, amounts to 

P /P kilograms; the undissolved part remaimng is there- 

toL\-rjP. di the presenre P n,ay be oalcnlated from 


P,r. = (l-^)B2' = PP-Al'. 


SO that 


-Pi= 


RT 


Consequently the work done is 

D y-ir -RT = -PTlog 

.-Jo T^l + ■^^ 

which, if V„ is in^tely great, becomes 

-PPlog^ - ■ 


7+T^ 

—y 


. ( 4 ) 


Since the total work done in a reversible cyclic process 
• at Ponstant temperature must he zero ^ 

(i) + (a) + (3)+(4) = RT-pv + RTlog^-RTlog -f = o 

, pv = RT. 

By comparison with 

, ^ PV-RT, 
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since T is constant, we see that for equal values of V and v 
wo must have P — n 

This is the result originally referred to, that any dissolved 
body which obeys Henry's law, must have such properties 
that for equal temperature and concentration, the gas 
pressure and the osmotic pressure must be equal. 

But we know, by what precedes, that a vapour dis- 
solving according to Henry's law must have the same 
molecular chai'actcr in the solution and the vapour, and 
consequently we may draw all the conclusions as to 
the osmotic pressure of dissolved bodies that have been 
drawn as to gas or vapour pressure, i. e. we may apply 
Avogadro's law to solutions, making use of the osmotic 
pressure instead of the gas pressure. 

From this necessary equality of gas and osmotic pressure 
for similarity of molecular constitution in solution, it 
follows that tlie osmotic pressure obeys the gaseous laws, 
i. e. the laws of Boyle and Gay-Lussac. A remark on the 
nature of the osmotic pressure may be made here; if it 
follows Gay-Lxissac's law, and is so proportional to the 
absolute temperatxire, it, like gas pressure, becomes zero 
at the al)Solute zero of temperature, and consequently 
vanishes when the molecular movements come to rest. 
It is, therefore, natural to look for the cause of osmotic 
pressure in kinetic grounds, and not in attractions. 

A second general remark may be made in connexion 
witli the gaseous laws as applied here. In this case too 
they are to l)0 regarded as limiting approximations, only 
strictly true for infinite dilution. They refer, on account 
of the kinetic nature of the osmotic pressure, to that part 
of it which prevails on increase of dilution ; whilst, when 
the concentration is greater, the attraction of the solvent 
becomes of more conseqixcnce, and eventually must prevail, 
since it increases in pi'oportion to the square of the con- 
centration, while tlie number of molecular collisions is only 
proportional to the first power. 
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Methods for Molecular Weight Dotormiimtioii 
of Dissolved Bodies K 

As in gases a iueasurenu*nt of umloeular weight ia\olvt*s 
a knowledge of the wtaght, vohum\ j»rt‘H.sur»\ mid f«itijn*rn 
tnre in the gaseous or vaporous eondithau so in Hidutiuns 
the same four data suffice, t!u‘ osinntie prossurt* roidaeing 
tlie ordinary {in^sure. 

From the tlieoretieal point of vi»‘W, tin* tirnt tlung fu 
consider is the osmotic pri\ssure iisrlf; hut in |»riielirt’ 
indirect methods involving quantities relatrd to that 
pressure occur; we shall thereftiri^ diseusH in turn the 
direct and indirect methods of muliHmlar weight defer 
mination for dissolved hoditss, 

I. Direct MethiKh /nr d/nM n/nr ffr/q/d !hiff- 
mimdion if lEmJmi 

(a) Compwrmm of the tmimdlc *f ttifRiYui 

eolutiorw (leotoni/y Whilst for gases the deterniination 
of molecular weight is an easy operation, fur ‘rtilutiuiei 
a direct application of the cmTcspuntling laws ineefs with 
the difficulty of im^amiring uHinotie pivH^nure n ditfieiiltv 
due to the nee(*sHa.ry ust* of a semipernieuhli* iiiimihriine. 
i. e. a wall or houndary penneahle to tin* sotvent hut nut 
to the dissolved body. If the afisoluie value of the osmotie 
pressure is h) lie measureih tin* ‘ nM-unhrani* * liaH, in addilion, 
to stand a meehanieai pressure which may U* great wdneh 
makes the experiment still metre diiricult ; we ^Itall. there 
fore, first deHcrihe tlie methoilH in wliieh this dillieuliy, 
due to pressure, is avoidi*d l»y ohserving, inMlmd of tie* 
actual osmotic pressure of a Holuiion, equalily l»et 
two solutions of equal osmotic pr<*>iHur*n iiflerwiird^4 iho 

^ VenichafibU, paitis ih. iVm »f ih vl<' 

migiqrn, BnucoIlaM, 1896. UllU. Vmn* 

Berlin, 1898. 
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few direct measurements that have been carried out will 
be mentioned. 

First, as to the semipermeable membrane. The peculiar 
property of allowing one substance to pass, and not the 
other, seems to depend not so much on sieve-like action 
as on the ability to dissolve or absorb, or loosely combine 
with one substance. Such a^ selective action occurs with 
gases, e. g. palladium"^ allows the passage of hydrogen, 
which is absorbed by it. Nernst^ has described a semi- 
permeable membrane for liquids, based upon the same 
px'inciple, and consisting of an animal membrane, moistened 
with water, placed between (moist) ether on one side, and 
(moist) ether, in which benzene was dissolved, on the other. 
The ether, being slightly soluble in water, passes through 
the membrane towards the side containing benzene, whilst 
the benzene, insoluble in water, fails to pass through. 
Quite recently the property of caoutchouc, noticed by 
Oraham, of transmitting certain gases, such as sulphur 
dioxide and carbon dioxide, has been studied with regard 
to liquids ^ : whilst e. g, methyl and ethyl alcohol cannot 
permeate the caoutchouc, ether, carbon disulphide, chloro- 
form, benzene, &c,, can, so that if one of these liquids be 
placed on one side of the membrane, and methyl alcohol 
on the other, ether, &c,, passes through. Moreover, it has 
been shown that the rate at which the transmission takes 
place is in agreement with the rate, at which the liquid 
in question is absorbed by caoutchouc. Finally, Tammann 
discovered in the zeoliths a material permeable only for 
water — not for substances dissolved in it; these zeoliths 
are known to be hydrated silicates, which, according to 
Mallard, possess the peculiar property of absorbing and 
giving up water, without losing their crystalline form. 
Whilst those membranes are of importance for the expla- 
nation of semipermeability, an entirely different material 

1 Kamsay, Zeitschr. f. Phys. Chem, 15- 518; Hoitsema, 1 . c. 17. i. 

2 Nernst, 1. c 6. 38. 

^ Raoult, Comptes Eendus, 121. 187 ; Fusin, 1. c. 121, 794. 


38 MOLECULAR WEIGHT AND POLYMERl^ 

has been used for actual measurements, viz, so 
membranes occurring in animal and vegetable 
the precipitate discovered by Traube. 

The membranes in animal and vegetable organisi^^ * 
offer little resistance, have proved especially 
semipermeable partitions, and an example of eacH 
given here. In the first place we have the pr<>^ 
sheath of the plant celP, an elastic membraiU" 
freely against the cell-wall, being kept against i^ 
osmotic pressure of the contents. If, however, th^*' 
a layer of cells, suitable for microscopic observ^^ 
placed in a salt solution of high osmotic pressure, tU^’ 
contracts away from the cell- wall; the process 
plasmolysis occurs, as may be very well seen 
protoplasmic contents ai'e coloured {Tradescantia 
Different solutions that exercise so high an osmotic 1 
as just to produce plasmolysis, are equal in their 
action, are so-called isotonic, and therefore, accoi* 
Avogadro's law as extended to solutions, contain 
numbers of dissolved molecules in the same volunH^ 
e. g. a solution containing 5-96 per cent, of raffinosc^ 
stance whose molecular weight was then unknov^ 
found isotonic with a solution of cane-sugar i ' 
342) containing o-i gm. mol. per litre (i. e. 3-42®/^) 
the molecular weight of raffinose must be approximaf 

3.42 : 5.96 = 342 : iT i^ = 59 < 5 , 

and as for raffinose the choice lay between Oj 
.31120 = 396 (Berthelot and Eitthausen), 

= 594(Loiseau and Scheibler), and loH^C ^ 

(Tollens and Rischbiet), this was decisive in favoui* 
second formula, a conclusion which has since been 
by chemical means, since raJBSinose takes up wat 
decomposes into three molecules of sugars, each coi i 
six carbon atoms (glucose, laevulose, and galactose) : 

C,gH3,0,e + 2H20 = 3CeH,A. 

Be Vries, Zeitschr, /. Phys, Chem. 2. 440. 
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A similar (li^ttumiinatiou of isotony l)y physiological 
mi^aus, in tins casts however, taken from the animal 
(H'gatiism, tmiy, ac(*or(ling to Hamburger k he carried out 
witb !'t*<l blood corpuscles, the solution to he studied being 
shaktui tip in a. t(*st tubt'. with a couple of drops of defi- 
hriniztMl blottd. Two phtmomena arc then observed, 
n(*conling as tht‘ solution exercises a great or small osmotic 
prt‘HHun‘: in ilu‘. fimt cast^ the coi'puscles give up their 
<*olouring matt(‘r to the solution: in the second they sink 
to tlu^ bottom of thti eolourlcvss litjuid. Liquids which lie 
<m tht^ mai'gin in this resptad art^. isotonic, and so we have 
an taisily available mtauis for molt'cular weight determina- 
tions. 

Similar isotony has bemt obstuwial by Tammatin - without 
]>hysiological aJd, by int'ans of a precipitated membrane, 
that is a colloidal skin fornuMl by contact of two solutions. 
The most availabh^ nnitm-iaJ y<d. fouml for this pxirpose is 
coppi‘r f(‘rro(‘yanid(\, obtaimsl by contact of potassium 
ferrocyanidt‘ and copper siUphate in layers; this was used, 
ntid t!u‘. pasHagt‘ of wabu* in one or the other direction 
obstn’ViHl by imams of Tdplers interference appai'atus: 
wh(*n^ water iuiters, a rising strt^am in the specifically 
lu*avicr salt Holutiou is observed; where tlio reverse 
occurs, a deseemling stnaim diui to local increase in 
densit}". 

(h) Almoiute Me(mirement of Omiotic Pressure. As 
ah’eady mmitioiual, absolute pressure ‘measurements of 
osmotic plu^noimma are rendered difficixlt by the fact 
that it is not only maasssary to prepare a semipermeal)l(‘- 
partition, hut om^ that has sufficient resistance to stand 
the (‘ommonly great m(‘dniuical pressuix^s involvial The 
<irgani(^ membratuss, winch were found so well adapted for 
ihttiU’mining isoton}^ are for tliat reason useless for the 
pr(*Himt purpose*, and conseepiently there are only a few 
isolated laxpcrimcnts that have* been carried out with success, 

• ZiUnchr./. Phyn. Chnn. 6. 319. 
iVinl. /OiH. 34, 299. 
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but which, however, are of tiie iiujHataiiee iti 

testing the liiWH oi osuujtir 

We may hnst meat am a uiimHiirfiia'Uf nf U;inrn«iy «»ii 
gasGB^whieli is very iiistruetive ns tn fht^ uirrlnuu'.iii hy 
means of which osmotic pressurt* is pn»hier.|. A imllieliiiiti 
V(‘SHel A f Fig. CHllstitllt***! t!ir Ilifill 

I hrnm* nml <*«>ifitnim*«l JUtn'sg«*n. 

113 f t t 

. pri'Hsiire (smlil Im* mi*ii,siirr*l, H'H sliuwn 

0 ^ in the tigiir«\ Auns ftnni snrrMiiit«lr»l l»y 

a stnnuii <»r liv^lrugim nt kmiwn pr«‘s,Hiir<% 

; and t!ie pn*sHuri‘ in^i*F \ rM^i^un nrvunul 
0 V of the gas pa^^sing through tlu- j»atla»tiuiu 

\\ partitioiu hy an iinanint le'iirly oipia! t»:» 

'‘'N. ^he e.KtfU’unl liydr»»g»ui jtr*‘s^urr iA^muM 

pt*rhapH ha\'t’ enineidod with it il th«' 
i'Xfernal ntmn*Hph»'rr had iim| Mfigiiinlt} 
contained more hydrogen). TherrlAr*' tho f**‘aiiM!ir! r\ei-!-^>s 
of presHun^ of tin* (disst^lvedl niti'Mgrn in fho 

hydrog(‘n etu’rt‘Hp(»uded t<» the prev^aire of lie* iufrogen 
alone (m Avogadros ta%v applied to 1. 

Next we havt' IdVffers measurriuents «i| '••tMljii i»*ies !!*■ 
used a Hemij)ermi‘ahle imuiihrane »tf ruppiu' tVrroryaidd*'. 
hut gavt* it Huffieieut strength hy depiediing if inside n 
small porous hatterya*elt, tin* is*!! (moistened^ heing li!!rd 
with potaHsium fernryanahMind dipped in eoppr-r 'Uiljdiaie, 
DifFusion frenu hotli sides t.lit»ii taang-^ nUuit Ih*'- iMnniiiiMii 
of the membrane. With sueh an appHiiifii-s th*' hdlMwing 
meaHuremeiits wen^ carried out «»n a one p-er rent, nugiir 
solution (i gin. in 100 ft 


Ttmjh (h 


M -» t» 11 n • 

f 

<1 ^ttn. 

II 1 

14 

umt „ 

M 1 

22 


,.i t ,1 
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From these data the molecular weight M may be 
calculated on the basis of Avogadro s law according to the 
relation (p. 19) 

PF 

^ • ^4-45 -y- = M : 2, 

where G is the weight in grams (=1), F the volume in 
litres (o*ioo6), so that 

l/= 0*813 X ^ * 

The numbers thus calculated are given in the last 
column, and are in good accord with the number, 342, 
obtained from the formula of sugar, 0^211220^^ Notwith- 
standing this and several other researches direct measure- 
ment of osmotic pressure has not yet led to a practicable 
method for determining molecular weights. 

2. Indirect Methods for Molecular Weight Determination. 

Whilst direct measurement of the osmotic pressure has 
so far met with difficulties for want of a satisfactorily 
resistent semipermeable membrane, so that the experiment 
is difficult or even impossible, attention has been paid to 
other properties of solutions, which bear calculable relations 
to the osmotic pressure. 

With regard to these methods, we may say generally, 
with Nernst, that every mode of separation between solvent 
and dissolved body involves a method for determination of 
molecular weight. This is so because every such separation 
renders possible a cyclic process in which the solvent, after 
having been separated in the way in question, may be again 
brought together with the separated or dissolved substance 
osmotically, i. e. by means of a semipermeable membrane. 
If this cyclic process be carried out reversibly — e. g. if the 
osmotic action be supposed to take place in a cylinder with 
piston, such that the wall of the cylinder enclosing the 

’ Ladenburg, Berl. Ber. 22. 1225 ; Adie, J. C. S. 1891, p. 344 ; Ponsot, 
Compt. Rend. 125. 867 ; Naccari, Rend. Acc. Linceij 1897, 1. 32. 
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Holution is aemip(^rnH*al>I(.% an<! tlu* pintmi a 

pressure exactly equal to tlu* iisniutif prf^stirr tlitni 
a therrno-dynauiic relation may in* lirdnetMl whirh iii\«»i\r 4 
the possibility of measuring the moletnihir wvv^ld. 

Viewed from this point of viv\\\ tin* indireet imqlindH t*i»r 
determination of molecular wei|^ht.s may hi* di\i«!rd infn 
two gixnips, according as the eytdie priwess uiidi*rly iii^ f In-m 
can be earrit^d out at constant tt*mperiiture ur nui , in 
the first case th(^ thtH)n‘ti<’nl ar*(unn*nt is simplm*. iiud enn 
often be simply demouHtrattsl without tlie aid <»!' tIii*riiiM 
dynamics. 

(a) The n/r/lr /o’o/rss van hr varrirA. tni.l a! vnit-Hhiui 
te7}vpevati0r, Muivvulav vrajht dvlt-rriii Hai'a^n hij rapnur 
presmre weamirefnent. Tlie common charaeiiT of nirthud^^ 
])ase<l on cyclic proci*HHi\s wlucii can hi* carri«*d uut nf 
constant tempcraturt‘ is that they cun In* j»erturiii*'>i at miy 
temperature, whether tin* separation U* as \ii]«iur nr In 
shaking with a third Huiistaiice. Wo Ituvo, howrti r. f.i 
distinguish as distinct methods tie* si-paration H*il\san 
■ and of disHolvtsl suhstnnce.aud so \vr arrivi*at tli** billowing 
vebmnA 

1. Separation as vap<mr. 

(a) The dissolvisl mihstatice si*jfaral**s out ! ple'ieumiiii 
cif ahscnqition. 

(^) Tlie HoIvt‘nt HvpmnivH mi : low'rriiig of \:np*mi 

immsure. 

2. Separation ty astdvent, 

(a) The dissolved mihstanc** se}»iiriit.r»H out ratio of 

partititau 

(^} The solvent mqmrates imi : ItiWfudng of soliihilili-. 

With regartt hi tht^ first of tln*si* mriliodH, hii.Hi^ii uj«,ii 
phenomena of iihi^irptioii, wi* mny i‘'*d*''r I** p, iiipI iiiili 
note that when Meiirys law of ahsorplion fproltor 

tionality lietween prcHsun* of the gas mtd eoiieriiinitioii in 
solution) the al.m«,irb.*tl gna in qui-Hiion mti^i r^i^i wiili 
unclmngcal molecular weight in sidiition. 

We must now deal with tlie second tiir|}|i^h oii t|i«^ 


CHANGE OF VAPOUR PRESSURE 


43 


lowering of vapour pressure produced by the dissolved 
body. 

The vapour pressure of a solution is immediately related 
to its osmotic pressure. Obviously two solutions in the 
same solvent, if they have the same osmotic pressure, i. e. 
are isotonic, must show the same 
saturation pressure. Otherwise a per- 
petuum mobile in the meaning of 
Fig. 7 would be inevitable. The two 
isotonic solutions A and b are sup- 
posed separated by a semipermeable 
membrane ; then if there is a difference 
between their saturation vapour pres- 
sures, a current of vapour will flow Fig. 7. 

in the upper part of the vessel, say 

from left to right. Then the decrease and increase of 
concentration produced in B and a respectively will cause 
a movement of the solvent through ah from right to left, 
and so the conditions for a perpetual motion are given, 
which can only be avoided if isotony goes with equality 
of vapour pressure. 

But further, the magnitude of the change in vapour 
pressure which a solvent suffers in taking up a dissolved 
body may be calculated, as will be clear from what 
follows. 

Deduction of the la%u of diminution of vapour pressure 
without thermo-dynamics. We will first give the simple 
proof, due to Arrhenius, which does not 
involve thermo-dynamics. Suppose os- 
motic equilibrium to be established by 
means of the semipermeable membrane 
ah (Fig. 8), above which the solution rises 
to the height ab. Now the equilibrium 
implies that the solvent should not pass 
by distillation into or out of the solution. 

But the pressure, which at b equals the saturation pressure 2> 
of the solvent, is less at a by the pressure exerted by the 
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column of vapour ab ; accordingly, the saturation pressure 
of the solution which obtains at A must be less than that of 
the solvent, by — say — Ap. But just as the diminution 
of vapour pressure corresponds to the column of vapour, 
so the osmotic pressure corresponds to the column of liquid 
resting on a b, and if both be referred to the same area, the 
change of vapour pressure is to the osmotic pressure as 
the weight of any volume of vapour is to that of the same 
volume of liquid. Taking, for simplicity, a kilogram- 
molecule M of vapour, if its volume is v litres, then by 
applying Avogadro’s law to the vapour and solution we get 

n?; = PF, so that y = ^ F. 

p 


where ^^^cl P are respectively the vapour pressure and 
the osmotic pressure, and V is the volume in litres of 
a kilogram-molecule of the dissolved substance. If the 
composition of the solution is given as n molecules of 
dissolved substance to N molecules of solvent, one dissolved 

N 

molecule m occurs in ni f ~ if kilograms of solution (here 

the molecular weight of the solvent is taken as AT, as 
determined from the vapour density, but without any 
assumption as to the real value of that quantity in the 
liquid). If N is great, as in dilute solutions, the , weight 
NM 

may be taken as ; this is accordingly the weight of the 


P NM 

volume F of solution, and that of y is - • — • 

p n 

Hence we have the relation 


or 


P : Ap =z 




pn 


Ap _ n 
p N 


This is a somewhat modified form of Raoult’s law. The 
latter refers to the so-called molecular lowering of vapour 
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pn\ssurt\ \A\ thi‘ viUut* (»r A///) ohtaiiUMl lor a ont'i porcn^iifc. 
Holutitni iiiultip!it*<l Uy tlu^ nu>l<‘culur wrijirht of tluMlissolviMl 

sulKstancts nr 


in which cnic part of tlisHr)lvc{l suhstancc is coutaiiH^d in 
100 {mrts of Holveait : 

1 F ail} 

iua : A J/ i : looor ^ — i-oi 31, 

whciict* 

^ in = o-oi Jf; 

in othi*r W(jrdH» tiu* rdntivf^ lowta’in^ of the vapour pressun^ 
is (*<|Uh! to one liuiclrcdth {»f the molecular weight of th(‘( 
Holveut : in whieli it tmist In* Iwirue in mind that ilu‘ latUo* 
qtiauiity has the value derive<l from vaj>our <h‘UHity 
im*HHuremenls, 

'Hie f<ill<»\vin^ table shows rcHults i 4 »taiue<l for moderati^ly 
dilute Htiluihms * * 


>'■>-/» rti! 


Ap 

nt 

P 

Wut*s' 

iH 

00B3 

rhe»»|iheriw t}irlU*»| UU^ 

017*5 

040 

UiHul|»lut!n 

70 

o*B 

(’rtrinai 

»54 

iS-j 


1 19.5 

03 

Amyhnn^ 

70 

0.74 

Ur-tmnw 

7B 

o.Ba 

Methyl leiihle 


040 

Methyl hr*»iiti«ht 

lot) 

oiB 

Kther 

71 

0.71 

Ao'Oaie 

5 B 

0.59 

Melhyl iile« 4 e 4 

:p 

0-33 

Me Wiry 

*-100 

a* 


It may remnrkisl ilnifc, as with all rules <lerivi‘(l Irom 
tlm ili«*ory of sohithaiH, it is only strictly irm for iufiiiite 
dilution. For that reiiHou we will now re.pcait the proof 

* liiMiiilt, Campt, HtmL B7. 167. 

® Eaiiwuy, Otyn, tlmm, a. 35*^ 
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with the aid of thermo-dynamics, insisting again that the 
law of the lowering of vapour pressure infers nothing as 
to the molecular weight of the liquid solvent. 

Thermo-dynamic deduction of the law of diminution of 
vapour pressure. Let the solution contain da kilograms of 
dissolved substance in one kilogram of solvent, the former 
possessing the molecular weight m\ withdraw from it, 
osmotically and reversibly, i. e. with the aid of cylinder and 
piston, so much solvent as contains one kilogram-molecule 
of dissolved substance, with expenditure of work 

AYdP ^aT, 

where dP is the osmotic pressure in kilograms per square 
metre produced by the absorption into the solution of da 
per kilogram, and F the volume in cubic metres in which 
one kilogram-molecule is dissolved. 

The amount of solvent withdrawn is to be restored 
reversibly by evaporation and condensation. In the first 
place we gain a quantity of work (i) by reversible evapora- 
tion at p and T ; next a second quantity by expansion of 
the vapour till the pressure has fallen to p~-dp^ that of the 
solution. This work, for the kilogram-molecule M of 
vapour, is 

Avdp = 

P 

m, 

consequently, for the mass with which we are concerned, 

a Tdp m 
p Mda 

Finally the vapour is to be condensed in contact with the 
solution p— dp and T, in which process the work gained 
in (i) is used up. Since this cyclic process has been carried 
out at constant temperature, it cannot be accompanied by 
a conversion of work into heat, or vice versa, so that the 
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osnu^ic \V(>rk spent must be e([ual to tlu‘ work of expansion 
piined, i. e, 

,,, 2T<lp m 
■2 7= ' , 

p AMda 

or 

= Mda, 


\vlu(‘h HjLCain eomes to HaouUAs law, if we renunnlan' tiuit 
tlH‘ solution eoutains da to one or icoda per etMit. Aeeor<l» 
ingly, for a one per etmt, solution, assxuuin^ tli(‘ jiroportion- 
ality betwiHUi eoueentration a, ml lowiTin^ of vapour pressure* 
whieh is true for infinite dilution to hold, wi*. have 




‘/a 


= 0-01 if. 


d p la 

p p ;iooe/a« 

In tlu* same way as Indore* we arrive* at tin* (‘Xpr(‘ssion 


A/i ^ a 

p -ji 


The meaning of this (spiation may Ik* illustrateul by 
ansvveudng the (piestion, ‘ What fall of vapour pri^ssurt*, does 
1 of sugar tiroduee in water at loo® 1 ’ Here j> = 760 mm. 
and 


so that 


I .100_ 1 

342* 18 1900’ 


A 760 

An = =0*4 mm. 

^ lyoo 


Afuiorniat iHtkies for alrnorvud vapour denmticH, ddien* 
is another (‘ssentiid point to b(* notieml, viz. that M, 
the Ho-(*nllt‘d number of moli‘euleH of solvimt usisi in the 
deduetion, is not always tin* real numbt^r; ratluu* *¥ is tlie 
fietive number of molcH’ules obtaineil by taking tlu? mole- 
cular wtdghi of tlui saturated vapour at the tmnperature 
eonsidiu’ed as unity. If th<^ vapour, tlum, has an abnormal 
<lensity, the abnormal molecular weight so obtained is to 
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be used in calculating JN, as Raoult and Recoura ^ showed 
to be the case for acetic acid. They measured, as explained 
above, the relative molecular lowering of vapour pressure, 
i.e. the lowering for a one per cent, solution multiplied by the 
molecular weight of the dissolved substance, or in Raoult’s 
nomenclature 


where P is the percentage content of solution, f —f' the 
lowering of vapour pressure. This molecular diminution, 
multiplied by loo and divided by the molecular weight M 
of the solvent, gives a number that averages unity, or 


lOO 


f — f on 


We get the same result from the formula already given : 


— = o-oi M, 

2 ^ 

which coincides with the former if only p, the pressure of 
the solvent, is put for that of the solution, which is 
permissible in dealing with very dilute solutions. 

On the other hand, acetic acid gave i*6i instead of i 
when AI was taken as 6o, according to the formula C. H^O^. 
But to do so w^ould be to choose too small a molecular 
weight, for. that, according to the vapour density, is 97. 
Taking the correct value we again get a number close to 
unity, as before, since 

, 60 

i-oi X — =1. 

97 

Hence, in determining the lowering of vapour pressure 
lies another means of measuring the molecular weight of 
the saturated vapour of the solvent, provided the molecular 
w^eight of the dissolved body be known. 


^ Zeiischr,/. PJiys. Chem, 5. 423; Berl. Bcr. 29. Ref. 941. 



CHANCE OF VAPOUR PRESSURE 


49 


Aceuntcy aiUunahle in meamriny vapour presmrei^, 
l^liially, soiut 4 .Iung may be said as to carrying; out th(‘ 
measurement of vapour press\u‘c, and the aceui-acy attain- 
able in doin^ so. As eompan^d with the nudhod oL‘ 
measurii){>^ th(‘ osmotic j)ressure directly, the vapour pressure 
method stands at a considerabk^ disadvantage. The one jua* 
c(‘nt. sujj^ar solution, that at ordinary temperatures exercises 
“ atmosphere osniotic pressure, causes a fall of only 0-4 nnm 
iti the vapour pressure at 100®. But on tlu‘ oth(‘r hand, 
ihi^ m<‘.as\irement of osmotic presstxrehas met with such diffi- 
(‘ulties in practice, that S(‘veral attempts 
have b(Hai made recently to obtain more 
a(*curat(‘ rc^sults by the vapoxir pressxire 
imdhod h An importa,nt improvaanent 
Iit‘S in iueri^asing' tlui diftei‘enc(‘ of U^vel 
which corresponds to th(‘ pressunMliiler- 
(m(H‘ to b(‘ im^asun^d. Tlu^ substitution 
of oil for imu'cury (Kr()W<‘in”Br(‘nuu’ 
iensiimdia* -) is a ^ri‘ai advanta<i;(‘. But 
laii‘ly Smits has nppli(‘d a su<^^i‘stion of 
Krtdz (.lam in, r/c .PIiyVi(j%u\ Jll, 

vol. iv, p. 218) in vising two li(|uids 
ditlerint^ but littU'. in dxmsity. ( )n(^ — the 
hc‘avier— was aniline, which, when moist, has at 20'' the 
(le.nsity 

J-022; 

th(j other was wat(*r, whose density at 20” is 

= o-99^- 

The heavier liciuid occupit‘s thi^ lower part of the narrow 
tulH‘ Ml (Fi^^ 9) ; th(^ water, for the most part, tlu^ resc'rvoirs 
c and I) (and is covi^rtal with a thin layer of oil, not sliown 
in the diagnun, to prevent evaporation). Then suppose an 

^ Dietiirici, IFW. Ann, 6a. 617; HiuitH, Arch. Nmi, 1897; Bolditigh, 
MimmlhL vtmr Katuurw. ai. 181. 

^ Zdixhr.f, Phy$^ Vhm. %. 424 . 
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*uu*n.‘aHe of prrssiin* <»!' luai. mI Hiri-i‘iiry iipplirMi itH tin. 
nt(ht>luuiii .sitlt*, liiui l<’t till' tliilr'rrfirr in |f\f! f,|' 

tlu‘ Huiliiu* u ih*’ raliu ul Iht* .Mfriinii «,!' tit.- 

,n\st‘rv(»ir to that uf tla* itilf. iJnit llir tiiii;-rrii|.r- in 

il 

level pl‘tHlurt‘«! in tin* rr-NiinuiiH ihrn 


Hi) that if it is \ nry lar^i- 

I* ■" ^-•■‘-4 

or 

>* 

i. i‘. in I1 h» nasst iH\iau‘nl4«* i lijui, of mvrniii \ uni 

lUak<* //y“ llOU. tiillhrtiin* in trVrl 

With Hllfh lippiirafitH fhr t’iilhnMO;,: rt-.Hiiif \Mv^^ * 'htnnHni 
for raiie su^nr |< h? ^ • ' 

^niiiis in h>-^ t> *,i ua!«'r nl . "' Im|' 

which p lain., n »»l A^’ ■■. - ■ r'N ihiii 

IF wt‘ lh»' iii»4«*i‘tilar ivrivtfii, 4*1 tTiiynir tnn-n 

thi‘se {lata Wi* p4 : 




(n»ii 

:■ 11U.S 


(, 

,\ 1 ,H 


HO tliai 




0-00178 

4*6 a 

7 n««.,K^ 

loou 

,r 

il !.,s y jK X .J.f. « 

l-’yS 


in cKiiet ii«:rcciiiciit with lip* haipiilji l\ H.J’tj 

Mtdi*f'Utit f* i/# 4 t /'-pi f »# in « f' * 

hiUtip Ah jircviutiMly rriijiirk*- 4 , *nrry in* tin , m! • 

l'ictw 4 H*n Miilvpiii iiial tli*.^*ilvr 4 h*-t.!y- iiii|slir-. ,1 

intmumiient of umU%mhr wri^jhi. It thr .nifi m r 

< 4 !k*tpil hy fviijiornliun. thni if iIp' ■•.shrill 

We airi\i* at tin* fn^^’ filrriply |4iv«'ii , il mi ih*- |jui ,4 

only' iliy iliH-Huivotl lMi«.|y irt i. r. 11 yn;, fh? n 
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a decision as to its molecular weight may be based on 
Henry’s law. But the separation may also be accomplished 
by the addition of a liquid which does not mix with the 
solution. Again two methods arise, according as we deal 
with the solvent or dissolved body passing over into the 
new liquid. In the first case we may expect the analogue 
of the law of diminution of vapour pressure, in the second 
that of Henry’s law. 

Let us take first the lowering of solubility, which was 
first applied to determine molecular weights by 
Nernst ^ and afterwards carried out in a very 
simple manner by Tolloczko^. The whole 
measurement of molecular weight could be carried 
out in a flask (Fig. i o) of volume about 1 8o c.c. with 
a long narrow neck (i cm. = 0-4385^0.; content 
1 3 c.c.) divided in half millimetres. As liquids, 
etlier and water were chosen, and the decrease of 
solubility of ether in water brought about by 
any substance soluble in ether measured. 

To take an experiment in detail: a known quantity of 
water saturated with ether at 18*3° was used, containing, 
according to a previous measurement of solubility, 1076:^ 
grams ether. This quantity of ether saturated with water 
would occupy 34*967 scale divisions of the neck. The ethereal 
layer occupied 4*86 scale divisions, and so weighed 1*4958 
grams; on addition of 0-095 2 gram benzene it increased to 
6*11, equivalent to i*88 grams. 

As previously for the vapour pressure we get the 
formula 

Ap ___ n 

in which p and Ap are the pressure and decrease of 
pressure respectively, n and N the number of dissolved 
and dissolving molecules (the latter calculated from the 

^ Zeitschr.f. Phys, Chem. 6. i. 

® 1. c. i2o. 389. 

n 0, 



Fig. 10. 
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laolecnlar weight obtaining in the saturated vapour), so 
now we have 

A 8 n 

T"iv'’ 


'vviierc* s and A.s are the solubility and decrease of solubility 
res[)(‘(»tively, n and N tlie number of dissolved and dissolv- 
ing nioltHuiles (the latter calculated from the molecular 
wt‘ight obtaining in saturated solution, here therefore 74, 
th(‘ mohamlar weight that ether gives in saturated aqueous 
Holutiun). Thus 

Aa : 8 = (6-1 1— 4*86) : 34*967 = 0-0358 


_ 0-0952 1-88 


0.0358. 


Ilu* value of .r (molecular weight of benzene) so found 
would be tuuinvr to the expected value if wo took, into 
HCiHUint the solubility of water in ether, and the alteration 
in tliat solubility brought about by addition of benzene. 
l1aiH n tilie temperature of the (experiment some ii molecules 
of wutt*r am dissohuMl in :ioo of ether, 

(hi this account the so-called molecular displacement 

Ah 

m = O 
<J 


slumhl Ix! didmmiimxl by means of a body of known mole- 
cular Widght, and for a given mass of water and tempera- 
tiirt% €f being the mass of substance dissolved always in the 
saint* intms of cither. Then a molecular weight desired may 
Ih* tliHlueed from thi^ value of (L 

Exiiin|>la : 0-0655 gram of Imnzimc effected a displacement 
of 0*45 enn; the molecular weight of benzene is 78 
«o that 


a 




53 < 5 - 


Then 0*1266 gram of naphthalene was taken, giving the 
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displacement 0-55 cm., and hence for the molecular weight 
of naphthalene 

536 — XX — , 

0-1266 

X = 123 

which for practical purposes agrees sufficiently with the 
formula =128. 

Ratio of 'paTtition. As remarked on p. 43 a measure- 
ment of molecular weight may be based on the ratio of 
partition, and the law with regard to this may be most 
simply arrived at by considering the equilibrium of the 
vapour of the dissolved body, the mutual solubility of 
the two liquids being neglected. If the molecular weights 
in the vapour and in the two liquid phases be m, and 
respectively, and the concentrations c, O2, then on the 
one hand 


and on the other 


80 that 

2 1 

where Cj, ( 7 i, are the concentrations as found in two 
experiments. 

Hence if is known, i. e, the molecular magnitude in 
one liquid, then two measurements of partition will give 7 h, 
the magnitude in the other solvent. 

As a rule the molecular magnitude is the same in both 
solvents, being simple in each, and so we have 

and - = A, 

^2 

i. e. constant ratio of partition, as found in certain cases by 
Berthelot and Jungfleischh But as hydroxylic substances 

^ Ann. cle Chim. et cle Phys. (4) 26. 396, 408. 
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ill hydroxyl-free solvents mostly occur with double mole- 
cular magnitude (p. 6o) an inconstant ratio of partition is 
found, e. g. for acetic acid in water and benzene ^ : 


Cl 

( gyn, acetic acid 

'.'2 

{gm. acetic acid 


Co" 

in 31-5 gm. l)m::ene) 

m 5*075 gm. loater) 

C’l 

Cl 

0.043 

0-245 

S‘l 

1-4 

0-071 

0-314 

4.4 

1-39 

0*094 

0-375 

4 

1.49 

0.149 

0*5 

3-4 

i-6i 


The fair agreement of the values of -- as compared with 

^•2 


the decided falling off in the values of - agrees with the 

conclusion arrived at also from other sources, that acetic 
acid in water exists as CoHjtOg, but in benzene practically 
as (C,H,0,),. 


(h) The Cyclic Process cannot he carried out at Constant 
Tem2oeratuTe, 

Whilst in the foregoing methods the underlying cyclic 
process can be carried out at constant temperature, we 
have now to consider methods in which that is not 
the case. 

Molecular weight defermination hy loivering of the freez- 
ing point Separation of the solvent in the solid state, 
i. e. freezing of the sohxtion, affords, as is well known, the 
oldest method for molecular weight measurement, which 
was developed on an empirical basis by Kaoult before the 
theory of solutions was established. 

The cyclic process which again leads to the rule to be 
applied, cannot bo carried out at constant temperature, and 
so involves the use of the second law of thermo-dynamics. 
The solution is to be cooled by A t below the freezing point 
of the solvent (T absolute), and at tliat temperature 
a certain quantity of ice separated, a process which can be 

^ Nornst, Zdtschr,/, Phys. Cham. 6. 121. 
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effected at the constant temperature T’-At if the mass of 
solution is so great that the separation in question makes 
but an inappreciable change in the concentration. Then the 
solution and solid solvent are to be separated and warmed 
to T, the solvent melted and mixed with the solution in 
an osmotic reversible manner (with cylinder, piston, and 
semipermeable membrane), a certain amount of work being 
gained. If At is very small (dt) a quantity of heat Q has 
in the cyclic process fallen in temperature by At, which 
implies a production of work 


If the solution contains a per cent, and so much of the 
solvent is frozen out as contains one kilogram-molecule m of 

the dissolved body, i. e. 3 then 


Q ^ W, 


a 


where W is the latent heat of fusion of the 
per kilogram. The work gained is, according 
previous argument, 

APV= 2 T, 


so that 




loom 

a 



solvent 
to the 


or 



0-02 T'^ 


Here, however, the first term is the so-called molecular 
lowering of the freezing point t, i. e. the lowering for 

a one per cent, solution multiplied by the molecular 

weight m. 

Thus for water, from T = 273 and IF = 80 we may 
calculate 


t = i8-6 
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(18-5 if instead of aT the more exact value 1-98 T 
taken), so that a one per cent, solution of methyl alcoh 
(CH3OH = 32^) would show a melting point x = o-^ 
l)elow zerO;, since 

ic X 32 = i8-6 or cc = 0-58. 

Vice versa, from a known depression of the freezi 
point the molecular weight may be calculated, and since 
determining molecular weights the choice always re 
between values differing widely from one another, i 
ambiguous I'esults may be obtained by the use of i 
process worked out by Beckmann and Eykman. If, he 
ever, the object is to test strictly the formula dedu< 
above, measurement of the freezing point is found to 
not altogether easy. Sugar again has been the subject 
many experiments, and the following table shows that o: 
of late yeai's has satisfactory agreement been reached 


1885 Raoult^ 

1886 Riioult* 

1888 Arrhenius'* . 
1893 Loomis' 

1893 Jonos''' . 

1894 Ponsot® 

X896 Abogg^ . 

1 89 7 Wilder maim ** 
1897 Raoul t® 


i8-5 (i por cent.) 

25.9 (very dilute) 

20.4 (i ^- per cent.) 

1 7'^ (i per cent.) 

23-7 (0.08 per cent.) 

i 8*77 (inlinitely dilute) 

18.6 (infinitely dilute) 

18.7 (0-17 per cent.) 
18.72 (very dilute) 


It IK cHpecially notowortliy that Eaoult, in 1897, withd 
the opinion expressed by liiin in 1885 in favour of abi 
mally great (U^pression for sugar in very dilute solut 
and HO fell into lino with the theory of solutions. 

It should always ho remembered that the formula 


i (ampt. Emd. 94, 1517- 
Ztu'iHchKf. Phya. Chc.m. a, 497. 

® Zvitmhr,/, Pkys, Chem. 12. 642. 

^ XtitHcJir.f, Pki/a. Chem, 20. 230. 

** Ann. (h Chim. et de Phys. (7) xo. 79. 


® Ann. de Chim. et de Phys. (6) 8 
^ Bmi. Ber. 26. 800. 

® Compt. Bend. 118. 977. 

Journ. Chem. Soc. Trans, 1897, | 


RISE OF BOILING POINT 
is only strictly true for infinite dilution, so that the form 


(It o-oiT^ 
(la “ 'W 


or 


0-01982"^ 

w 


is to 1 k' prel’ern'd, wliero da is the dissolved substance in 
100 parts. 

M(>l(r‘H/(( r 'iirijfht dcterminatiooi hy the rise of boiling 
poin (. .1 ust as tlu-. solvent can he i-emoved by freezing, so it 
can ln'st'paraied from the dissolved body hy boiling, and the 
lowering of vajtour pressure already dealt with corresponds 
to a rise in iht^ boiling point. This may be determined in 
magnitude by means of a cyclic process similar to that 
referring to tlu‘ freezing point, and amounts to 


, 0-02 2'- 0-0198 

/ = or exactly ^ : 


\vUt*r(‘> / is ilu‘ molmilar rise of boiling point 


p, 56), T tin* absolute temperature of the boiling point, 
W tlH‘ lattnii heat of evaporation. Tlie method of molecular 
Weight (letmnninalious based on this has also been worked 
out. iiy Ih'ckmanu. It is usually not so good as the freezing- 
point uiftluxl, lu'cauHc the molecular rise of boiling point 
is. an account of the great latent heat of evaporation, 
ri*hiiiv«‘ly small. 

Tim will in* plain front the following table, which gives 
the fnH‘zing point latent heat of fusion (W}), boil- 

ing point {Sp\ and latent heat of evaporation at the 
boiling point ( U',)ytog(dher with the molecular change in 
rrct‘zing point (il//), ami boiling point (ilf,), calculated from 
the formula 




M -- 

.0198 2'^ 







W 




SuhrMmre . 

Fp 



Sp 

w . 


WsitiT . . 

, 

Bo 

18-5 

100° 

536 

5 -H 



44 

37.8 

118° 

85 

35-6 



30 

50-3 

80'’ 

93 

33-4 
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It inay In'! added that recently the boiling-point nietliod 
has been applitMl in a siinjjlin* fonii ly Ln,n(Lsb(‘ro;er * and 
Walker by pnssin^^ tdlun* \*apour, ^•emn’atiMl in a 
haskjthron^di tlu‘ etlnnasal solution of tlu‘ substancH-j investi- 
gated, till the. th(‘rmonH‘t(n- no longer rises, and indicates 
the boilin^^ point of iln^ solution. 

Moleiidar vrUjht dtivnuhuUiau by nituitts of the cIuvnAfe. 
of HiLuhUiin iViUi IrniporttfiDT'K If no third substance is 
(nnployed to ('fleet tin' st'paratiou bi'twi'en dissolvt'd luxly 
ainl solvent, and (unit that in tlu^ list of nu'thods, it is 
in the first phun^ diHen'Ucc* in static of a^^iH'^ntion whieli 
allows of the si'paratiou. Hms moh'cular wc'i^ht d(*tt‘rmiua- 
tiou by ineans of vapour pnsssun' and boiling point is 
possible on acco\tnt of tin' st'paration of solvi'ut as vapour; 
detenninatiou by nn*nns of ilu' absorption ctn'flieii'ut is 
posHil)le on acc(nint(»f flu* st'pnration of tlu' dissolvcul body 
as ^as. Reparation of tin* solvent in tlu^ solid form h*ads 
to the nndhod of the hjW<'rin;LC of the frt*(‘/Jn^ point, and 
iinalty the account may In' ccnnpleb'd with the possibility 
of separating tln» disH<»Iv(*t! body in tln^ solid form, ddu' 
nn'thod so indienb'd may now be iakt'U. 

Tlu^ nn‘tho(l is similar to that ajipFuMl (ui p. 21 to ^us and 
vapours, involvin«^ the wt'Ibknown bainula 



Mere V is the incnaiHe of vt^hune dtu' to ('vajH>ration of 
a definite ([uantify, and #/, tin* heat absorbed, rt'fers to tin*, 
same. 

With re^^ard to Holntions thin (Sjuaiion may' lu* trans- 
formed, iteeonlin^ hi Fart I, p. 36, into 

tlhmU Q tit* Q 

~""dT ^ 


* llol, Jkr, 31, 45a. ^ ./’..-uri'j, S‘H’, 73. 5fia, 

^ ViTw^luilTi’U, Xi-iMy. /. ( hrm. 15, 440 ? Vfmi L»iir, 1 . r. 15, 473; 

17- 545; ^7* 337; I. r. 17, 145 l «a ; Nnyt^ij L t\ yti. 699. 
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in wliich. Q is the hGat absorbed on solution of one kilogram- 
inolecnle, G the concentration. 

Hiis formula allows of a molecular weight determination 
of the dissolved substance, by calculating L from the data 
on solubility, and dividing by the observed heat of solution 
l^er kilogram ; thus for succinic acid (C^^HgO^) the amounts 
dissolved in loo parts of water at o° and 8*5° respectively 
are 2-88 and 4-22 ; hence we get from 

AC _ Q 


C A T ~ 3-55 X 8.5 


6830. 


The heat of solution per kilogram is 55, and therefore the 

niolecular weight = 124 (C^Hg04 = 118;. 

55 


C. Besults. 

I. Siviple Molecidao' Magnitude of Dissolved Bodies, 

Putting together the results of the numerous determina- 
tions of the molecular weights of dissolved bodies, the 
leading conclusion arrived at appears to be that the mole- 
cular magnitude is usually that corresponding to the 
simplest formula that answers to the quantitative composi- 
tion, and the chemical relations of formation and transforma- 
tion. This conclusion has helped not a little towards the 
favourable reception of the theory of solutions, and to 
the working out of the molecular weight methods based 
on it. 

Larger molecules. Agreement with the results of gas 
density measurements. In the first place, departures from 
the simplest possible molecular formula are found in cases 
in which the gas density indicates the same thing. The 
molecular magnitude of the elements, already referred to, 
may be mentioned in this regard. Most are diatomic so 
also are oxygen, nitrogen, and hydrogen in aqueous solution. 
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since Henry’s law of absorption applies to them (p. 31) ; 
for iodine the same has been shown by measurements of 
the freezing point h Again, the monatomicity of the metals 
(P- ^5)5 deduced from their vapour densities, is found to 
he true for solution in mercury whilst phosphorus and 
sulphur appear as tetr- and oct-atomic respectively, as in 
the form of vapour. 

Researches on the molecular weights of the elements can 
thus be carried much further, since the non- volatility of the 
metals is here of no consequence, and so nearly all the 
metals have been studied in solution in tin, and have mostly 
pi'oved monatomic. 

As to compounds, the tendency of acetic and formic 
acids to form double molecules, shown by the vapour 
density, recurs in many (hydroxyl-free) solvents 

Larger molecules in liydroxylic compounds. What docs 
not appear from the investigation of gases and vapours is 
the tendency of nearly all hydroxylic compounds to form 
double molecules when in somewhat concentrated solution, 
as was mentioned for formic and acetic acids. This is found 
to be the case in general for organic acids, for the alcohols, 
and for water. The presence of double molecules, however, 
depends on the solvent, being found only in hydroxyl-frtiC 
liquids, such as the hydrocarbons, chloroform, and carboix 
disulphide. In hydiuxylic solvents, phenol, acetic acid, 
water, the reduplication does not appear, either because 
of a dissociating action of the solvent, or because the dis- 
solved body forms molecular complexes with the solvexit, 
in which only one molecule of dissolved occurs. Hence in 
practice, as the smallest molecular weight answering to the 
chemical behaviour is sought, it appears that hydroxylic 
solvents such as acetic acid are to be preferred, especially 
when dealing with hydroxylic bodies. 

^ Beckmann, Zeitsckr. f. Phys. Chem. 5. 76 ; 17. 107 j 22. 614 ; Holff, 1 . c. 
122. 219; Aronstein and Meihuizen, Verk. Kon. Akad. Amsterdam, 1898. 

^ Bamsay, Zeitschr.f. Phys. Chem. 3. 359; Tammann, 1 . c. 3. 441. 

® Beckmann, 1 . c. 2. 742. 
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z. Ik irfap^ueHi (if life Strrmrhein inil Conee/itioni^, 

M<jlin*ularwt*i‘.(ht iiiiaisuratiuaiiH playa Hp(‘C‘ially iin|K>riant 
part in sfinlyin*^ thr cansr ol’ tht» isumnristn tavo 

Innlias nf tilt* saiun (‘umpnsit iuin For ii is tluai |)()ssil>ln 
til \vlirtht‘r tlnTi* is a ditlartaua* in inol(M*ular ina^'ni- 

tntln. uv. pnlyun'rism.ur a tUtlVnaK'n in constanietion In'twanni 
twu nidhantlas nf tin* sunn^ sizn, 1, i*, isoni(‘i*isni in ilu* 
nurmvvnr Nnnst% It may In* n*ninrkt*<l ht‘rt% tha,i with 
rn|xard t»> tin* «lnvnlupnn*nt ih’ slnnay-isniiH^risni, which is 
a spcc'inl kiinl uf isiniwrism nttrihutt‘t! to tin* arran^'cniuait 
(»l* tin* niultanilc in span*, taoha^ular wni^^hi (l(*t(‘rminaiinns 
fnrni an iiniispcnsahh* aid, sln<*n ii is ncctsssary first tn 
pruvi* that «lit!»*ri*nct*s hi*twcnn ct|nul!y (‘oinpost'd nn>ha*uh\s 
arc in ijucstiian Hiann* it. was a furinnati* cninci(l(‘m*i‘ t.hat 
just at tin* tinn* tin* tlwory td* HtnnHH'lu'niistry was dis* 
nunrcd, tin* nrw mct!nnlstur tin* nn*uHurt‘nn*ni< of mohandar 
wninltts in sulntion, hasnd on the tht*ory of solutions, wc^n^ 
intr<»»lucrd, din* intiTcstin*,^ cast*H of isoincrisin in tlio 
trnxitiic a<*ids, tin* l»i*n/.oinoN.imt*s, ainl many otlnw com-* 
piiunds impiutant for stt‘n*<H*hnmiHtry, (‘ould liardly have 
lii’nii so tjuickly and cewtaiidy hrouoht into li^ht without 
tin* ii**w iiii’llmdH for luttlncular weight dcti*rminatiou. 

/|/oniraifi/ for liiiHHoTjAiHiH CinnjHnf udH» 

A v**ry striking exception appears wln*n a suhsiaiu'c is 
diHHol%o«d in another isomorplnais with ii, as ihioj'diem* in 
l«»n/,eiif*. Thf* lowering of tin* freezing point is tlicu 
«teeif!edly less; ill the case nn*ntitmt*d only n1»out twm-ihirdH 
of the nfiriiial aitiounl. In such enstss, as has actually hi*cn 
shown h the dissiilved suhstance separates out in iiu iso- 
niorplioiis mixture %%''ilh tin* solvent w1h*u ilic latter 

* %%ii tijirfij / i‘hm. fhon.U. 3.13; llvckttmmi, Le. 17, 107; 

ja. to/. 
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freezes ; hence we have a departure from the assumptions 
made in determining the formula 

o.oa 
W ’ 

and it will appear later that for that reason the lowering 
of the freezing point should be smaller. 

The phenomenon in question has been applied by 
Ciamieian and Garelli’- to settle doubtful cases of iso- 
morphism, and by that means the constitutional formula, 
since it is known that isomorphism goes hand in hand 
with similarity of constitution. 


4. Ahrm^mal Results for Electrolytes. 

Lastly we must consider the great exceptions which 
occur in electrolytes, i. e. especially solutions of salts, 
strong acids, and bases in water, where the lowering of 
tlie freezing point often amounts to twice or more times 
tlie normal amount^. It was just this phenomenon that 
so long stood in the way of the discovery of the simple 
laws applicalde to dilute solutions, which first came to 
light when Ilaoult made his freezing-point measurements 
on non-elcctrolytic solutions, i, e. on solutions in solvents 
other than water, and solutions in water of organic 
substances not of a salt character. It is well known 
that the phenomenon in question led to the theory of 
electrolytic dissociation, which now requires special 
treatment. 

The Theory of Electrolytic Dissociation. Arrhenius 
attributed the abnormally lai'ge change of freezing point 
just mentioned, and the abnormally high osmotic pressure 
deduced from it, to a decomposition into ions, i. e. electri- 
cally charged portions of molecules. The extensive data 

1 ZeiMr.f. PhyR. Chon, 13. x, 18. 51, 31. i. 

^ Tlu^ grwitoBt dt^viation has lately been found by Cmm Brown for the 
salts of sox-basic mollitic acid. 
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a(‘cuiuulnh‘(l in support oi' tliis view will only be partly 
iuenti<>ne<l hen^. hi the Third Part of these lectures, in 
which rchiiions constitution and properties 

nrv- to Ih‘ discussed, many opportunities will arise to draw 
(|unliintivt‘ and (|uaniitativt‘- couclusious froni the idea of 
Arrhenius, as was tlie ea.se in the First Part (p. 117), in 
dealinj^ with tlu‘ eondiiiuns of tM|uilil)riiun in electrolytes. 
!lt‘re we are. sp(‘(»ially concerned with the question, on 
which the* dtuusiv(‘ pi'oof turns, whether the degree of 
de<*(aapoHition deduciMl from tht^ theory of solutions agrees 
witli tliat arrived at indepmidently on the basis of the 
elitdrolytic. diHH(K*in.iion tlu‘ory. 

The Form in whi(‘h the <h‘])arture of electrolytes from 
Avogadros law, as apprn‘d t.o solutions, is to l)e given, may 
convenitad ly follow on ilu‘ so-calhMl isotonic eoetlieients 
introduct^d by d(‘ \'ri<‘s (p. ^pS) ; tlu\s(‘ give how many 
times mor(‘ etlbctivt* a mi>le(*nl(‘ of salt in an isotonic 
st>Iution is, with regnni to plnsmolytie. or osmotic acti(m, 
than a. sugar nutleeide, the latter h(*ing, for special reasons, 
taken as 1, W'r have moditii‘d this mode of expression 
hy taking sugar and (dher suhshinct‘s following Avogadro’s 
law as unity, aiet writing tlu‘ halviul isotonic coefficients 
so arri\ed at with the letter u If then, for a certain con- 
centration, 0 i«77, for nitrt% that im^ans thatifeacli inolecule 

of niln* wwv ri^phmed hy t*75 molecules of sugar, a solution 
i.s(itoni<* with that of nitre %vou Id Ik* ol)taincd. Hence the 
osnadie pressnn* tin* nitre solution is 175 times the 
normal amount, so that tlu^ quantity l may also l)e 
olitiiined ns tin* lK‘twtHm tlu* mok‘Cular depression 

of the freezing point / proportional to the osmotic pressure, 
iind the normal value 18-5 found For sugar and other 
in 111 -elect rolyt-es, or 

t 

^ ““ 1 8*5 

For the same ttmipernfurc aud concentration, the same 
viihn* of I Hliciukl he ohiained, whichever of the methods 
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already mentioned is adopted — ^whether based on the law 
of absorption, on the freezing point, or on direct measure- 
ment of osmotic pressure ; and the confirmation that 
Arrhenius’ 'Conception has received lies in the agreement 
between the value of l so obtained and that independently 
reached on the basis of that conception. 

In the first place then we must consider the relation 
between t and the conductivity. 

Electrolytes have, it is known, a conductivity which, 
referred always to the same — say normal — concentration, 
increases with increasing dilution. Calling this the mole- 
cular conductivity fi — the conductivity of mercury at o° 
being taken as unity, and the number multiplied by lo’^ 
for convenience — we have for KNO3 at 18®, according to 
Kohlrausch : 
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1 19.9 
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119.8 
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i.e. a number which increases asymptotically as the dilution 
becomes greater. The explanation of this fact on Arrhenius’ 
theory is that with the dilution comes an increasing ionic 
decomposition according to the equation 

KN 03 =:(K)-|-(N 03 ), 

+ — 

where (K) and (NO3) represent the positively and negatively 
charged ions respectively. This decomposition is practically 
complete for the limiting value 

Moo = 

Theoretically it would only be reached on infinite dilution, 
and is therefore represented by 

If the conductivity depends, as we have assumed, only on 
the ions present, the quotient 

a = 
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represents the fraction decomposed, and the total nnmber 
of moleciiles, counting each ion as such, exceeds the 
normal amount in the ratio 

i:(T~a)4‘i2a = 

so that wo liave 

4 = I + a = 14- -ii.. 

Moo 

Coitipariug a special case directly with de Vries’ experi- 
ments in which urea was chosen as nomial substance, we 
find for the concentrations mentioned the following results 
(plasmolysis no plasmolysis n., intermediate state nj:)) : 

Normaliti / Urea Nifre 

N ^ 0.1285 0*3 O'S’fS 0-33 0.345 I N = 0.16 0-17 0.18 0.19 o-co 
n n p jP I n n np p p 

SO that 0-315 normal urea is isotonic with o-i8 normal 
nitre. Accordingly for a o-i8 normal nitre solution 


l^»y ih(‘ couductivity we get, interpolating for the same 
solution, 

g = 99-7, so that i = 1 4.™ = I 4 ^ = 1-8 1. 

Moo 1 • 2 2r 

agi’cMunent is luire satisfactory. Unfortunately it has 
not in all CMses rcunaitied ecpially so on application of the 
moiH* t‘xact prociHlurc of the freezing point. 

It would 1)(‘. very desirable to form a collection of results 
ohtaim‘d by tlu^. freezing-point method, to serve as a test 
of Ai’rlnmiiiH’ law by comparison with the collection of data 
tm (‘(mduedivity b 

Und(‘r theses circumstances it seems desirable to choose 
Ostwalils ' law of dilution’ as a second characteristic, and 
divide elt*etrolytes into two groups according as they follow 
it or ni.)i 

^ thin Lriiirrm^fjen der KhUrolyte^ imhesondere dor Lvsunycn, Kohlrausch and 
HtiUioin. Ud|)/Jg, 4898. 

E 
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Eh'drtihjteH n'lilAi folloir OAi>;iIA' >•/ tU/nt h.,i . F,,|- 

ii ilLssociatiou in a liissolv.'ii t-i.-cimlv in llir s.-hm' of tin- 
equation ^ 

KNO., (Kj » (NtF^ 

i. c. an (‘((uiliiiHuiu .symlmlizf'l l>y 

KN'< >1 - ’ ! I » i N' 

ir tlie iotiH an- fmah-ii as nnilccul.-. it s.-i ius nn in. vitul.!. 
conscqui'iici' (if Uif fi|uati<iti i>f .■■jnilil.finin ain-uily ac 
rivi'<l jifc, 

i'/zloyff' r. 'll 1., 

thiifc 

th(‘ <nnu*fntrntiiUi <»r i\u^ Ihm Hy.huvi with 

opptisite nii^ns ; thi^ umy wriiu-^i 



or if T' 1 h‘ ttio in litn'^ rd *lrTiilr |r»Ti 

prnml of iliv nnrnmliiy i, 


C/li.Nl: 


i II 




wliriiro 


, i% Ml* 


H 

„■ » a 



u 


llnwnvi^r* fur nifi'-^y fin . »i.. n-; H'*! 

IIM Wf* hIiiiJI HVi* hnf **n\y 

p*OI|ji fif h Ii 4 

lifjlloolin willltiiifi, lliii! *•;.“ in jjnMin. j' 

an ^ {//} f'ili/nivi M^*ii . 1 / ^ 

mill Ilf t!p':Nr #i||!y ih*' w*-i%k -I iku l t-rnf" Tli* ' 

III l»i* rf'‘:ifriri*-.| to i - ]u^-h fin- 4 . ' . 

vifliln iiJiiH Ilf !}|#- y/U- u fh-l! 

ixmwutruthm in nniiiil. 
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Ar an example, the data for chloracetic acid at 14° are 
as follows the calculated values of — being derived from 

Moo 

tlie CHiuation 




F 


~ qI)s, 

— calc , from , 

% 7 C“ 7 . 2 --io 

20 

5 t .6 

o*t66 

0*163 

205 
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0.423 

0*43 

408 

170 

0-547 

0-543 

0 

Ch 

0 

251 

0*806 

0*801 

4080 

274 

0.88 r 

0*88 

10 too 

295 

0*948 

0*944 

20700 

300 

0.963 

0.971 

CO 

3 n 

I 

I 


Ch^arly \nm^. the (k'eoinpoHition m lucasiircd electrically 
follows tlu‘ course atitieipated oil the theory of dissociation. 
Ac(H)r<rm^ly we fmd, for dichloracctic acid, wliich also 
follows OstAvahls law, that the values of l obtained from 
ilu^. molecular d(‘pression of the freezing point and 
those from the conductivity, agree*. 


Kormality 

18.7 


0 .C 02599 

1.966 

1.956 

o*CK)5i77 

1.911 

1*913 

0*0 1 033 

1*852 

1.843 

0-01:447 

r.763 

1*806 

0*02048 

1.717 

1.731 

0*02778 

1*69 

1.703 


Th(‘ ngreiummt is satisfactory, and might well l)0 complete 
if Wi'. numunlHU' that the freezing-point measurement — 
always ilui more difficult— refers to o**, while the electrical 
is for iW\ 

Ekvimlijim ^rhtvh do not follow Odioald's laiv of dilution. 
The case is (juiti^ <litle.reut for salts and strong acids and 

* Vnii lOfir iuul Fhys. Chm, a. 781. 

WiItii*-nimiuo Id. 19. 242. 
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bases. If, e. g., we take the former value of the conductivit y 
of nitre, and calculate 

1 

where V is the reciprocal of the normality and v*** 

get:. 
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0*3503 


The relation suggeHte<l by Eudolphi and van’t Hoff’, 

O'* _ ir ^ 

"T *" " '»>\ ir — N > a •— J 

(l-a-)r 


does not removes this diflfictilty in principle, for tho\ij4:l» 
it ccu’tuinly ugrcKss b{dt(‘r with the facts (Part I, p. 12-4) i t 
has no n(H‘(‘Ssa,ry basis, and so can at present only I **" 
i*{'gardt‘d as empirical. 

Mor{‘ov(n*, th(‘re is a considerable difference betweerx t li*’ 
valu(‘s fotind for tin* dissociate<l part^ (in per cent.), e. f 
sodium chl()ritlt‘, by the fre(‘zing~point method by Joiif- s. 
Loomis, AlK‘gg, llaoult, and from the conductivity I 


Kohlrauseli : 
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Evidently, then, dissolved salts, strong acids and bases, 
must be treated with caution as electrolytes, for though 
there is undoubtedly dissociation, and the assumption of 
dissociation into ions appears to be indispensable, yet the 
exact amount of that dissociation, and the mechanism of it, 
are insufficiently explained. In these cases it is necessary 
to hold by the thermo-dynamic relations based on vapour 
and osmotic pressures, &c., and to treat the calculations 
made from conductivity data as rough estimates, whose 
exact value is yet to be determined, although the commonly 
close agreement indicates a most valuable conclusion, as 
will appear better in the Third Part. 

It is otherwise as regards high dilutions, at which, 
especially for strong monobasic acids, monacid bases, and 
their salts, the dissociation found osmotically and electrically 
is practically complete, and so ignorance of the law of 
dissociation does not stand in the way ; calculations then, 
with the assumption of complete dissociation, recover strict 
applicability. 

To give a motion of the case, we quote the degrees of 
dissociation found for decinormal solutions at 18° from 
conductivity measurements : 

Strong monobasic acids and monacid bases : 

HCl 94% KOH 93 7 o NaOH 90% 

Salts of the above acids and bases : 

KOI 86 KNO^ 85% NaCl 84% NaNO, 84% 

Salts of strong dibasic acids or diacid bases : 

Na,SO, 69% BaCla 75% 

Salts of dibasic acids and diacid bases : 

MgSO^ 45% CuSO* 39% 

Already in the copper salt we are dealing with a weak 
base ; if further a weak acid be chosen, as in copper acetate, 
the ionization is further reduced ; then, however, quite 
a different dissociation appears— the hydrolytic— whiclx 
results in formation of free acetic acid and free base or 
basic salt, an effect that does not come into consideration 
with the salts mentioned above. 
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§ 3. Solid Solutions^. 

There seems a prospect of extending the theory of 
solutions which allows of determining molecular weight in 
solution, to homogeneous solid mixtures. This possibility 
is conveyed by the expression ' solid solution ’ for such 
homogeneous mixtures. 

According to the data which are at present available for 
testing this assumption, it seems necessary to distinguish 
between amorphous ^ solid solutions,’ such as e.g. the glasses 
which are homogeneous mixtures of silicates, and ^ isomor- 
phous mixtures.’ The latter are further removed from 
solutions just on account of their crystalline structure, 
whilst for the glasses there is a continuous series of states 
connecting the solid and liquid conditions that almost 
excludes any limit to the applicability of the laws of 
solution. Only the equilibrium reached by diffusion takes 
more and more time to reach on account of the increasing 
viscosity, and consequently the difficult problem in the 
study of such solid solutions lies in the establishment of 
the necessary equilibrium. 

Qualitatively these solid solutions, both crystalline and 
amorphous, have much in common with liquid solutions, 
but on the quantitative side of the problem it is necessary 
first to keep to amorphous, or occasionally crystalline solid 
solutions, whilst isomorphous mixtures in the narrower 
senses will be discussed in the third division under molecular 
structure. 

First, a few leading traits of a qualitative character may 
be touched upon b 

A. Qualitative Considerations. 

As regards qualitative features, first come the experi- 
ments on the lowering of vapour pressure of solids when 

^ Bodlander, ITeues Jahrlmch f. Mineralogies Geologies Paldontologies 1898. 

2 Van ’t Hoff, Zeitschr.f. Fhys. Chem, 5. 322. 
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others form with them homogeneous or isomorphous 
inixtui'es. Von H auer and Lehmann observed in this respect 
that the tendency of hydrated salts to effloresce, which 
indicates a somewhat high vapour pressure, is reduced by 
isomorphous mixture ; this was observed for lead sulphite 
in mixture with the corresponding calcium and strontium 
salts, iron alum with aluminium alum, copper formate with 
the formates of barium and strontium. The essential point 
is that each component shows a greater tendency to effloresce 
than the compound. 

This reduction in saturation pressure corresponds to 
tlie observation already mentioned (p. 6i), that when the 
dissolved substance separates out along with the solvent 
as an isomorphous mixture, 
the depression is abnormally 
small. Thus e. g. in Fig. ix 
let AB and bc be the vapour 
pressures of the solid and 
li(i[uid solvent respectively, so 
tliat B, their point of inter- 
section, represents the melting 
point Tj . If now the solution, 
by taking up any non-volatile 
body, comes to have the smaller 
vapour pressure Go, the de- 
pression produced is Tg T^; 
if, however, the solid solvent also takes up some of the 
dissolved body, and so possesses the smaller vapour pressure 
A, B.,, the depression is also less, viz. T3 T^, always on the 
assumption that the freezing point is the temperature at 
which solid and liquid have the same vapour pressure, 
which is cei'tainly the case when the dissolved body is 
non-volatile. 

It may be remarked that just on this account the treat- 
ment of isomorphous mixtures is less simple. The close 
relation of the two bodies, as benzene and thiophene b 

* Van B^lert, Zeitschr.f. Phys. Ohem. 8. 343. 



Fig. ir. 



72 MOLECULAR WEIGHT AND POLYMERISM 


naphthol and naphthalene ^ chlorobromo- and iodoform 
excludes at once the assumption that only one body, that 
present in great excess, the so-called solvent, is volatile. 
The condition of equilibrium at the freezing point is then 
no longer merely equality in the partial pressures of the 
solvent in the solid and liquid conditions ; only if the same 
equality of pressure holds for the dissolved substance do 
the conditions suffice for equilibrium. The question arises 
whether the fixed composition thus arrived at for the 
isomorphous mixture separating from a solution of given 
composition agrees with the facts, or, in other words, 
whether the cause that produces mixed crystallization does 
not involve a factor that influences the composition of the 
mixture. This is probable, on the one hand, because iso- 
morphous mixtures of all compositions cannot always be 
obtained (Part I,p. 55); on the other hand this may perhaps 
correspond to a simultaneous formation of two layers in 
the liquid. The whole thing awaits further investigation. 

Another point that may be added in considering the 
cjualitative relations is tliat the diminution in vapour 
pressure which a solid suffers when a non-volatile body is 
taken up by it, involves a diminution of solubility, so that 
c. g. an isomorphous mixture should separate out when 
saturated solutions of alum and iron-alum are mixed. 

B. Quantitative Results. 

As regards the quantitative side of the problem the 
experimental data are not yet very complete or conclusive. 
The important common result that workers in this field 
have so far ariived at is that the solid state is not distin- 
guished by a more complex molecular structure, but that in 
solids, too, the dissolved molecule has as a rule the smallest 
size compatible with chemical facts, and at most double 
that size, as was found to be the case in licjuid solutions. 
This result would be particularly important for isomorphous 

^ Kustor, Zeltschr.f, Pkys. Chem. 13. 452, 17. 355. 

^ Bi’Uiiiii, Atti It. Accaci. dei Linceij lioma, 7. 166. 
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tiiixtiires, because then it would be allowable to extend the 
conclusion from the small isomorphous admixture to the 
whole crystal, since in such a case all the crystalline 
molecules may well be assumed to have the same structure. 

On considering in more detail particular experiments, it 
will be well to treat separately the crystalline mixtures and 
the amorplious solutions. In the former we have to take 
account of the complication due to electrolytic dissociation, 
wliilc in the latter we must bear in mind that a separation 
of mixed nuiterial, spoken of as a solid solution, may be the 
result of an alternate formation of layers, i.e. something 
([uite different from solid solution. 

i. Mixtures of Electrolytes. 

In the region of solid solutions, as commonly elsewhere, 
tlu‘, most complicated cases theoretically are the most 
aeee.ssibk‘ to nn^asurement, and the first attempt to elaborate 
a nudliod of molecular weight determination for solids 
referred to just this case of isomorphous mixtures. 

Nernst'^ ma.de use of Roozeboom’s results on the com- 
|)Osition of the mixed crystals of thallium and potassium 
c‘lil()rat(3 obtaiiKul on adding a known amount of potassium 
(dilorate solutioti to saturated thallium chlorate. It was 
found that tlie concentration of the undissociated potassium 
edilorate in solution (normality c) was nearly proportional 
to that of tlic total potassium chlorate in the mixed crystal 
(:r in molecular percentage). 
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A]i[)lyinf>; the law of partition stated on p. 53, as regards 
tilt' j)rop()rtion of a snbstance in two non-miscible liquid 
layiii-s, it may be concluded from this that potassium 
chlorate in the isomorphous mixture has the same mole- 
cular magnitude as in the solution, i. e. KCIO^. 

» Zeitschr. f. Phys. Chan. 6. 577, 9. 137- * 1- «• 8- 516. 
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Fock'^ eliminated an far an pr)ssil»li‘ tie' iidlut^iu’r of 
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H(‘n\ as in most other t‘ase.s, the CMiielu'dtin t,i hr draun 
is in favour of simple nmltandar ma^'idfudi^ in cry 'UalH. 

2. lU'jlhtitU inv MiJ'tu fit's tij A toi -e/e. 

Hen' wt* come n«*ross, on the one hand, the n o-a sfrikiie^' 
eonfirmatioti of the concept it tu of solid solntions. esjteciii!l\- 
as shown hy van Hylert. Heckmanm and llruiifii. an*i on 
iln^ other a peetihar heliaviout* noted hy Kiisler, llie 
uhserved data, are not sullieif'iit to alkoi of tdiaraeleri/iiie 
the two cnte^tiries with certainty ; in tie* lir-a case it 
HcamiH m if any relation of crystidHne fonii-*, 
h(*tvv«.»iaii iodine ami solid !jeii/,ene. were extdiided, whilst in 
the latter caHc.e.g, hetweiaj hexacldor and peiilaelilMrtu’otir 
kc»topcntane and C*JlJ»rtfr far re'aehiii;^ isoiiinr' 

phism is conceiviilile : wc wilt, in the tiro jdac^^ i In-refori^ 
distini^mish ‘crystalline solid soliifioiiH' and * tHomor|,iioiis 
mixtures/ 

^ JhiL yi. 40 a, » jO Ofca, ,11,. 
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i sditl I’ln' tAvo fuses so far stiKlied 

; u’f oi* iinlint* in iifn/.ruf and thinpluau* hi Tlui 

lunizt'nt^ f r\‘stnilizin^ unt in eutdi (‘ust^ is found to eoutuin 
iodiiu* or thio|»lHnH\ and quant itativi* ohsarvutions showed 
proport ioimlit y hftwt-fu tie* (Hiuetait rations in the solid 
solution and liquid. 

hauM IN UiN/.iNi:. 

, a-jo jH-r ffiU. 0-945 pt*r ctait. 

'» O-O-'.N ^\U 7 11 

0*357 

For thioplifia* thf rnlii* only variiul from 0‘3(}6 to 0*379 
with thf muAimmn iuti*rv«*nin^ vnhu* 0*449 (tniam 0*414) 
for sidut ioiiH I'onfntnin^^ i*td to 13*91 pt*r etud. of thioplunuu 
From this proportionality it may he (*oneludi‘d, ueeun linjL!;; 
tt» p. tlint iodim* and thioplnnif hnvi* tht‘ sanu* mohaadar 
widohfs in solid and liquid hfn'/i*nf» i.e. the weights eorre,- 
spondii^^ to the I’urmula !., and 

At tie* sunie time \\r havt* a menus of testiuij^ furthm' 
quantitat ivety tin* eMnddoratiouH on tlu* lowerlnt^ of ilu* 
free/aiqr !’*dtit »:iven on p, 71. It uppenreil Uteri* that joint 
rrv>4alii/4llit»u reduee?! flu* ilepression of the fri*t* 7 /in^^ 
from 1 .Tj to T Tj I Fi»y m). Tin* qunntitniive relations 
are elear from tin* fi^^ure. \i /„ : 

1 "i T j ; 1 ‘| T.^, »' I *;, : e/I. ■ t ii : e/I -- e/I c/// : e/A 

when* e/I Itml <//i are the loweriniXH of vapotir pressruH^ 
sulleri^d l*y the liquid Hiid solid resj,H*<*tively. ddu'Si*, il the 
dtssiilvrr! siihslauee huN tlu* Hiiute tu<»h*eulur wt‘ielii in (‘aeli, 

lire projwirl ioiiii! to I hr eoueeut rat tons, Henei* 

iq T, T| T., I t - ) tr643 Tj 14 luitl Q' 33 ^ 'id 

rt*Npi*et iVidy IV*r iodim* and thioplieiie. 

d'lie iiiolf "i.’iiljir t h'prrS'*iious will iltereiore hi* only 0*643 

® Villi Utlr-iU. Arsfviis. s ..’Ays, t h:^m, li, 343 ; U»'i*ktitHiia iiiid Hterk, L i*. 
11. .id s*-r, uiiiUi-i iiteur.i. \,v. 17. am* warifet 

kt hr n Suh'^httUtn, |iyiUg.4..ti«Js., 

Mil 1 1. *11 1 Ml lekiu. 
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and 0-551 of the normal value 50 for iodine and thiophene. 
They were found : 


In 100 gm. (js) Depression («) 


Mol. loicering ^ — M 
P 


Iodine {M = 254) . 

. 0.914 

0.129 

36 


. 2.24 

0-313 

35 


. 4.27 

0.601 

36 

Thiophene (11=84) 

. 0.51 

0.192 

31 

j) 

. I.12 

0.422 

31 

?? 

. 2.i6 

0.812 

31 

V 

. 3-25 

1*213 

31 


instead of 32 


instead of 28 


A similar confirmation is supplied by Brunni’s ^ experi- 
ments on iodoform dissolved in bromoform. Here again 
bromoform crystallized out with the dissolved body, and 
the constant ratio (0*35 to 0-37) allowed of the conclusion 
that solid iodoform consists of HCI3, as in liquid solution. 
The molecular depression was found as o-66 of the normal 
amount, while 0-65 to 0-63 was to be expected. 

Isomorphous mixtures. Against this result, in all 
respects satisfactoiy, has to be set the fact, observed 
especially by Klister that isomorphous mixtures sometimes 
behave quite differently as regards melting point, wdiich 
may be calculated from the simple rule of mixture 

S = aS-^ -h (i — a) 

where , 82 are the melting points of the components, and 
a, I — C6 the quantities (in molecules) of the two respectively. 
Thus for hexachlor- and pentachlorbrom-ketopentane the 
following results were found : — 

Molecules Melting point Melting point 


C,CI ,0 (a) 

Cfil^BrO (i — a) 

{pbs.) 

(calc.') 

I 

0 

87-5 (8x) 

— 

0-9471 

0-0529 

87.99 

88.04 

0.9135 

0-0865 

88.3 

88.38 

0.8571 

0-1429 

88-8 

88.96 

0.8253 

0.1747 

89.11 

89.28 

0-7468 

02532 

89.85 

90*09 


^ Atti R. Accad. dei Linaei (5) 7. 166. 

^ Zeitschr.f. Rhys. Chem. 5. 601, 8. 577. 
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Mvltuttj iioint 

Mdtlnv} point 

(U\(i .>u 

(i a) 

{ohft,) 

{rale.) 

0.71)05 

O' i,U)05 

90-3 

90-55 

0.5774 


9 i. 6 r 

91-81 

0 .,| UK) 

o.5ai)i 

93*i^7 

93-5* 

ih'jmy] 

e- 7 m:i 

94*50 

94 . 7 B 

00 701 

o.Hjck) 

05*74 

95-BB 

0.0055 

0.0045 

90.07 

9(>*74 

oarjtK) 

o.ijHuo 

97-49 

97*50 

0 

1 

07*71 



sa!iH‘ lu'hnviutir wuk {'{umd Tor .some oilier pairs of 
vt‘ry similar liodies. Still exet^ptions ari^ fouiuP which 
inerenst' witli tlu' ititlereuce ln‘t Wisai tlu‘ two im^ltiii^ points, 
and ilu‘ nhnonually larp* <lepn*ssiou to lu‘ <‘Xj>eet(Ml in tlu^ 
higher melting suhstaneo, when tlu* dillercmei* of m(*ltin^ 
ptants is <!oi*H nut cKamr, e. with carhazol and 

plieimnt hnau*. ( hi tlie other hand, (here is (lu‘ <*hara(*ti‘r“ 
istii' rise of meltin*^ point, ohsm'ved hy Kiisim’, for 

,1 nnphthol in nnphtlialeue, neeompanyinjjc (lit' st‘para;tion of 
a mixture richer in rhnnphihol" in a(‘eordnnee wit.h i-he 
tla^ory of solutions, !t is .m» far not certain that Khsim's 
pairs of Nuhstaiiee * form any <lepa!*turt* from tin* theory. 


] , et ffi i i 17 o a a Sain I S* nii ini s. 

Amorplems •■=*«»!id .eolufions w<»tdd well form (■lu‘ first 
siiiijeels tif experiment in this department. Kuster’^ has 
made experineiit*^ on tlie partition of ether hetwemi wa.ter 
aii»l eat»u!e|e»iie, and he inmeluded with (‘on.Htderahh* prtiha- 
hility from the reHuh*-^ that ether in cannitehoue lias thic 
simph' iiinleeiilar Wid|_^lit whim dilute, hut dtad>h‘ wht‘U 
lie Iff* c*t aii’eiif i'a! ed. 

lie* rlioiee how«wrT, limited hy the fneility amorphous 
Miliits hii\e uf up md*Htam*eM in iputi* nnof.her way 

than inixiurr* or ’-.oluiion, lime the ahsorptiou of i^asi's and 

'* I Lu »' Ihr i.o * hM'.'., e^il, n. 

* - 0*5 IS J- ?l r ‘<0 |liy 4 p f 

^ X leys. ' ij. 4 jf' 
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dissolved bodies by animal charcoal \ of dyes l)y fn)r(\s 
and so on are rather to he treated as surface pheuomcna. 

We will choose the simplest of such coiupouuds for 
detailed examination— the so-called palladiixm hydrid(-\ 
What essentially concerns us in the reseai-ch is tlu^ chati^n^ 
in the amount of liydrogen absorbed by palladium at. 
constant temperature, when the pressure, and then* fort* 
the concentration, of tlie hydrogen is clianged, as wt*ll as 
tlie concentration of the solution of hydrogen in palladium 


n 



Fi#;. rs. 



fol'med. The apparatirs (Fig. 12) allows of bringing a 
known weight of palladium in a at di^finib^ timiperafun* 
into contact with hydrogen whose jU’esHunt ctadtl la* rend 
off the manometer, whilst thes ([ua,ntity alworlKsl c*ou!d be 
estimated from the original amount and tln^ amount 

^ Schmidt, Zcit$chr. Phya, Chan, 15. 56. 

^ Witt, Farfmmlkmy, 1890^91, Ko. t ; Walker, Aprh^ynrd, Juurn. i'h,m. 
Soc. 69. 1334. 

« Hoitsoma, Zeitschr, f, Phys, Chan, 17. r. Hc(* also Hhitdd.s, Pm, AVi,, .s,r, 
Edinh. 1897-98, p. 169. 
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rernainin|j; : the (|tiaiititiea hein^ calculated hy ineans oT 
the known volume of the apparatus (provided witlx marks 
at li, A’} and th(^ pri^.ssure and temperatiu'o. 

Jt wa,H already known, from the ox[)erimenta of Troost 
and lhiutel*euilli% that the amount of hydrogen absorbed 
Lirst rises witlx tlu‘ pressure, whilst on further absorption 
tlui presHiU'e becomes constant, which suggests tlxe forma- 
tion of a compound. We may ([Xiote the data for r/jo'’; 
the pi'essure (P) in millinudres, the nxmxber of hydrogem 
atoms absorbiul by oni‘ palladium (//), and the ratio betwcnai 
tlu^ increase of |)reHsxire (^P) ami the ([uantity al)sorb(al 
(AJI): 


PrvHmmi i P) 

Amount of ahittiri>l uni iU) 

AP : AH 

SA6-a inm. 

o ooc)7 

— 

HuS „ 

OO 1 63 

857^ 


0023 

123^8 

:m'i n 

0*0387 

14541 

62y*6 ,, 

0*0(K) 

10746 

7 S 7 %S 

0 0H3 

5B57 

Harj.C) „ 

o* I aa 

ac >33 

HsH .5 m 

0-1 3a 

7 :ie 

^^ 75’5 Tj 

o*au) 

254 


0.^53 

□4 

«Xon7 „ 

0.351 

^59 

ou7*6 „ 

0.409 

446 

lotao „ 

0.443 

12485 


0.477 

5«74 

I300'6 ,, 

0.4BB 

8073 


Troost and Hautcvf(‘uilh*'s opifiion in favour of the forma- 
tion of a eonxpotind was strtaigtluuuxd by tht^ fact that 
at the tempei'atui't^ they emjjloyed tlu^. maxitxium hy<lrog(‘n 
taken up in tln^ intiun’al of m^arly constant prt‘ssur(^ cor- 
reHp(jmh*d to the fonnula Fd.^H. It appiMU’s, howeveu', from 
tin* newer rtsst^arches (HhcushimI Ixtu'c^that this tjmintity do(‘s 
not n*pr(*sent m\y definite^, atomic ratio, and especially that 
it varies with the tempetrature. 

At lo ahotit IM 

,1 KSo’ j, IM 

The pcjHsilili^ explanation of th(*se facts is that at constant 
pressure two solid solutions are present in the palhtdiuin, 
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which behave like two liquid layers Thus e. g. a similar 
behaviour as regards pressure would be found if unsatu- 
rated ether vapour were compressed in contact with water. 
At first the pressure will rise, with increasing absorption 
of ether by the water ; then a second layer will be formed, 
very rich in ether, i. e. moist ether, and then the pressure 
will remain constant whilst the new layer increases in 
bulk at the cost of the old. When the latter has vanished 
the pressure again rises. The analogy with two liquid 
layers has been actually found in solid solutions, in 
isomorphous mixtures as a matter of fact^. Beryllium 
sulphate and selenate, e. g., do not mix isomorphically in 
all proportions, but between S : Se = 7-33 : i and S : Se 
= 4:1 there is a gap. So that from a solution containing, 
say, S : Se = 5 : 1 two isomorphous mixtures will crystallize 
out, one tetragonal (7*33 : i), the other rhombic (4:1). 

In following out further the behaviour of palladium 
hydride with regard to the molecular character of the 
hydrogen, only the parts of the series of observations 
before and after the region of constant pressure are 
available, and especially the former, because it refers to 
small concentrations of hydrogen, and so satisfies the con- 
dition implied in the theory of solution. 

According to what precedes (p. 28), if the pressure and 
the concentration of hydrogen in palladium are proportional, 
the formula is probable for the dissolved gas. The 
following results are obtained, with the aid of the density 
of palladium hydride : — 


Pressure in 

C.c. Pd, containing 



mm, (p) 

2 mg. H (v) 

pv 

V'\/p 

26*2 

3-084 

80.8 

I 5 -S 

82.8 

1-827 

151-3 

16.6 

165.4 

1.299 

214.8 

16.6 

393'7 

0.771 

303-5 

^ 5-3 


^ According to recent observations by v. Jiiptner on .stool, tlioro arc 
indications of a similar phenomenon involving solutions of carbon in iron. 
^ See also Part I, p. 55. 
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It appears that the concentration is not proportional 


to the pressnrCj Tor z=z pv (where ?; = c.c. Pci, containino* 
a ni^. H) varic‘S From <So*8 to 303-5. On the other hand, 
vVp is remarkably constant, as the fourth column shows. 
Phis nutans proportionality betweem the pressure and tlic 
s((uarc‘ oF the concentration, and Fi’omwliat prc^ecdc^s, makes 
it probable that the hydrogen is not at pre^sent dissolved 
as Ho but as M, thus confirming the main conclusion that 
the solid state is not due to great molecular complexity. 


F 


II. MOLF.CULAII STIllKTUIlK 


{hoiHeri^in, 'fadiamerl^iin) 

Whilst HO far we have lM*(‘n et^uetomei! witli t!te si/.e t>f 
the nioleculeH, we have now <o eonsiilto' thior internal 
Htructnre. Tlie necHwsiiy for ^oinjjf into tlun | joint lies in 
the existence of iHoiaerimn. From the moment that hodios 
of the same molecular ma^nitmle and composition witlutif^ 
ferent properti<‘s art' kiuavn, such uh ethyl amt dinH‘thyl 
amine, which, it is wt*ll kn<»wn, l»ot!i liave tho fornmla 
C.^HyN, the poHsihility i^f {litfertmt arrangements soonest s 
itself as an (‘xplanation. For tliai reason tin* de\elo|nnent 
of the theory of mohanilar structure has taken plais* in 
organic (•hemistry. Isomensm among inorgnnie eompoinnls, 
such as hetwism ammonium phospliite and hydroxylamim* 
hypophos])hit(s both is rare K 

In the metliods now to Ik' <leH<‘rihe»i for arriving at tin* 
molecular structuns tin* nndeeular haanula. whieh gives 
the mxml)er and nature of tin* attmm in I lie inoli^cule, serves 
as a starting-point. It may ht* obtaineil, ns mentioned 
on p. 14, from the c|ualitative ami (piantitalive eom|«mitiiiii 
and the molecular weight. 

The further Htt*p towanls im*lt*cutar Htrui*iure reridfM’ed 
necessary hy isomerism is tc> tind tin* ittmle of famnexion 
of the atoms, a problem known as that of tleiermtiiing tbr^ 
structuxB or constitution. Then, the inbirmalioii derived 

^ Sabarj(*j(^a, Ihrl, Jhr, 30. ^85. H(h« iiImii ilw ve niVfil hsit e»if 

of Wc^rnor on meiallir aimnoiiiinn /, mu.rj. f‘hrm,. ; 

also Kunuikow, Ikrl. Her, 1B98, |*, ^^07. 
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in tins way proving insufficient, conceptions going in 
furtber <let<'iil into the relative positio^lS of the atoms were 
<levt ‘loped as a study of configuration or stereochemistry. 
We shall here discuss eaeli in turn, and in a third section 
tlie very peculiar plienomenon known as tautomerism. 

§ I. I) KTEUMI NATION OP CONSTITUTION. 

The study of constitution, then, refers to the mode of 
connexion between the atoms. In it the molecule is sup- 
posed motionless, so that the theory could at most only 
r(^prosent the facts accurately at tlie absolute zero. 

Of the methods in question which allow of deter- 
mining the mode of connexion, there are, of special 
importan(H‘ : 

A. l)(‘termina-tioti of constitution on the basis of tlie 
vahmey of tlu^ (‘hnnents coinbiiu'd. 

lb I)(‘t(annination of constitution from formation out of, 
ami conversion into compoun<ls of known structure. 

It may be add(‘d that many <h‘tt‘rminations of consti- 
tution an^ bast‘(l on ana-logy, and tlu‘refore on tlie relations 
betwism physical and clunnical projKU'ties ami structure. 
But th(*s(‘ will, according to tlie arrangement chosen, find 
their natural place in Part III. 


A, Dotormination of Constitution on the Basis of the 
Valency of the Elements combined. 


''rh(‘, notion of vaJimcy, on which this method is based, 
must first bequih^ bricdly considered in its origin and oxtcait. 
It is worth whil<‘. then to glance at tlio binary hydrogen 
compounds of known molecular winght, in which only one 
atom of the othm- element occuiTi in tlio molecule, as : 


Cir^, NH„ OIL, cm, SiH^, PH„ SIL, Til, Sre. 


It np|H‘arH tluai ibat neven* more than one atom of another 
element is eombimsl with a single atom of hydrogen. This 
fact is expressed in the conc(q)tion tliat hydrogen has only 
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one faculty of combining, only one valency, as shown 
graphically by a stroke : 


On the assumption that this faculty of combination is in 
the formation of the molecule used, and used up, niutuall}% 
it follows that all elements which combine witli hydrogen 
according to the symbol 


XH (CIH), that is X—H (Cl-H), 


like chloidne, bromine, iodine, &c., have, like hydrogen, only 
one valency, or are univalent. They can, therefore, like 
hydrogen, be used to determine the valency. The elements 
that combine according to the schemes 



— H 
N— H 


— H 

cZji 

— H 


are accordingly bi~, tri-, and quadrivalent. 

Simple as the fundamental conception of valency’' iipjxnirs, 
its further development is complicated l)ccausci there are 
elements which do not always appear with. the. saiiu‘. 
valency, e. g. iron is bi- or trivalent according as it occurs 
in the so-called ferrous or ferric compmxnds. Valency'' 
would accordingly supply a very unreliable basis for 
determination of constitution were it not tliat in tlu^ 
department in which such determinations are iinjxxrtant, 
namely, in organic -chemistry, the elements mainly con- 
cerned do possess constant valencies. Hydrogem apix^ars to 
he invariably univalent, oxygen almost always bivahmt, 
carbon quadrivalent, so the somewhat empirical method 
practically followed on these grounds is of the higii(\Ht 
importance, and usually leads directly to the object aimtxl 
at. Thus a compound with the molecular formula C)H.,N 
can only, remembering the quadri-, tri-, and univalencci of 
carbon, nitrogen, and hydrogen, have the constitution 


H-^C— N< 

H/ 


H 

H 



VALENCY 


BS 


In otlier (‘nseSj such a,s chloral, C^CljOH, more than oru^ 
possibility (\N:ists ; tlu‘so nmy be e.ouvcniently arranged by 
s(‘parating the multivalent from the univa-leut elements, 
thus : 

(C/))C1,H, 

and tlnai cahnilating tlio number of bonds by whiel) the 
skel(‘tou of multivalcvnt a.toms is held togetlier. Since each 
bond involv(‘s tlu^ us(‘. of two valencies, 

T()tal nuial)<n* of vnl(‘ncioH ill (\0 . . . . lo 

Dtuluct for ooiubiuatioxi with Cl:ill ... 4 


Ihnnainder bonds. 

'■'i t \ 


tlui jHisHilulifcie.s for (5„() arc 
(i) (1 = 0—0 (2) 0-0=0 (3) 0-0 

\/ 

o 

io wliictli iho chlorine and hydroffcn at.otiiM an* to he added, 
j,dving 

(, o)(’^>o =0-0-01 (i o[![>c=o-o-oi 


01 

(. c)j:[>c=a-o-n 


II 


01 


0 !\ 

(2 0)01 ^ 0—0 = 0 

h/ I 


01 


OK 

(2(d0HC-0 = O 
01/ I 
II 


1 1 ( ]\ 

( 3 )( >0-0< 

\/ 

o 


'I'lic clioicf' hctAveeti thesis nix poHHildc foniiuhu! tnuKt he 
innd(i on otluir groundM. 

Simple an ilii^ nndliod in, and vahiahle in caHea anch as 
the ahov<‘, in which the valency of the clementH comhined 
is hardly opini to doid)t, it inunt he iximarked that it in 
re.Htrictcd in aiti)lieation, owing to nncertainty in the 
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valency : it may often be replaced or suppoi’ted by methods 
to be described later, which then show their scientific 
superiority in the elucidation they give to the notion of 
valency. 

B. Determination of Constitution from Formation out of, 
and Conversion into Compounds of known Structure. 

In order to adhere to a definite example in this case 
too, we will discuss the constitution and isomerism of 
methyl mustard oil and methyl thiocyanate. The two 
compounds are known to have the same molecular formula, 
C2H3NS, and it was the relations of composition and 
decomposition that led Hofmann ^ to choose the appropriate 
constitutional formulae. 

Formation of methyl mustard oil takes place, amongst 
other ways, from methylamine (CHoNH^) and carbon 
sulphochloride (CI2CS), with separation of hydrochloric 
acid : 

H2CNH2 + CI2CS = ^HCl + C^HgNS (methyl mustard oil); 

decomposition, e. g. under the influence of hydrogen 
(sodium amalgam and alcohol), to formation of methylamine 
and methylene sulphide (H2CS) : 

C2H3NS (methyl mustard oil) + 2 H2 = H3CNH3 + H2CS. 

For the formation of methyl thiocyanate, on the otlier 
hand, we may use methyl sulphide (H3CSCH3) and brom- 
cyanogen (ONBr). The thiocyanate is produced according 
to the equation 

H3CSCH3 + BrCN = H3CBr + C2H3NS (methyl thiocyanate) ; 

while decomposition by means of hydrogen leads to separa- 
tion of methylmercaptan (H3CSH) and hydrocyanic acid 
(HCN) : 

C2H3NS (methyl thiocyanate) + = H3CSH + HCN. 

^ Beilstein, Handhuch der organ. Chemie^ p. 699. 
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All th(‘se reactions lead to a common characteristic of 
th(^ constitution of the isomers, viz. the presence of a 
mtdJiyl group (CH.j), which is regularly contained botli 
in the mabu'ials re([uii'ed for formation and tlie products 
of di'composition. The constitution of each is tlierefore 
(h^linite to the extent of being 

(H,C) CNS. 

TIh^ (111110*01100 is now simply shown in the al)ove ixmctions, 
both by the mabuhils retfuircMl for formation and by the 
products of combustion, to lie in the fact that the methyl 
group of the nmstai‘d oil is conneettMl to nitrogcm; but that 
(»f thi^ thiocyanate^, to sulphur. This may l)e expressed by 
thi^ constitutional formulae 

I L(^NTtS(nudhylnuisiar(l()il)dl X 5 SCN(nu‘.thylthi()eyanate). 

''riu‘ following schenu's will then serve to express th(‘, 
iHsietions : 

For nudhyl mustard oil: 

I i,,(.,;n 1 1 1 , + ( n,j(\s and I jes + 1 1 j h,. 

For nu‘thyl thiocyanate ; 


H,(j4i( ^tir + H r,0N and ir,CS |CNTH |ll. 

it sliould Ik* notici‘d that in this choice, made on the 
ground that tlu^ F(n*mation and dcicomposition can easily 
b(‘ exprc^ssiKl, H(Hnething has benm assumcul as to the course 
of tin*, ri^aetions, viz. that in reacting, a molcKmle changes 
?iH litth*. as may be. illustratci this ly an example, 
W(! may nob*, that hydrotyanic acid might conceivably l>e 
hn’ined from a body IL()N( 5 S in this manner: 


Up 


NlllS 

li')"' 


I5ut then a thmlde lireak would occur in the original 
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molecule HoCNCS, whilst in formation from H.jCSCN only 
a single one, as shoAvn by the symbols 

H3C I NC I S and H^CS ] CN. 

Intmmolemlar atomic displace) i ei its. The qxiest ioi i 

thus becomes very important, whetlier tliis assumption as 
to the mechanism of reaction always eorresponds to tlu^ 
facts. With regard to tliis, a distinction must first l)(‘ 
made between inorganic and organic,!, e. carliou conipouuds. 
In the former, which show the phenomenon of isomerism 
exceptionally, or not at all, the product is iudependtait 
of the original condition of the components; (\g. barium 
sulphate (BaSOJ from oxide (BaO) and snliduir trioxidc^, 
(SO.j) is identical with that from the superoxi<l(‘, 
and sulphur dioxide (SO^) ; here the peculiar rigidity which 
gives the compound the characteristic of its oilgin is 
absent. In organic compounds, however, witli tln‘ npi)(^ar”* 
ance of isomerism, this is not the ease. And that tlu^ 
rigidity is such that only the smallest possibles cha-ng(‘ 
occurs in reactions, as in tlie case of mustard oil <lis(tuss(‘d 
above, is rendered probable by tlui fact that dillluH^nt 
determinations of constitution, all liased on this princii)h\ 
yield the same result: thus the formation and dia*omposition 
of methyl mustard oil lead to the same conclusion, and 
several other methods of formation and decomposition not 
mentioned here. There are cases, Iiowever, in which Hxxch 
agreement is wanting. 

We may first consider such a case, wliieh wjis a.t first 
difficult to understand, but was afterwards fully (‘Xp!aiiu‘d, 
so affording a prospect of removing other unctu’taintieH 
previously existing. The body in question is allyl thio- 
cyanate, NCS(C3H5). The generally api)lical)le nuithod of 
preparation of thiocyanates, in wliich potassium thiocya;natc 
(NCSK) is treated with the iodide of tlie radicle it is 
desired to introduce—in tliis case allyl (C3H.,)~^Iea<ls to a 
body of the required composition, according to the etpiation 
NCSK + IC3H, = NCS (C3H,) + KI. 
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It lu)wt‘vt‘r appt^ars to ba ally! tnustard oil, SCN(C.jH.,), 
iiistaad t)i ilu^ thi()(‘yanaia, explanation 

was o'ivtai iliat this body is the rt‘sult oi’ a secondary 
reaction diu‘ to th(‘ soiiu'what Iuo;li temperature (100®) 
employt‘d. In tlu‘ (*(dd th(‘ allyl thiocyanate*, expected is 
actually foi’m(‘d, but it lias tin* prope^rty ol' sufierin^ an 
invt*rsion on beating, i.t*. bedn^ (*onvi*i't(‘<l into the*, isomeric 
mustard oih Two facts an* thus sinudtaiUHmsly estaldishcd: 
tirst, that an inversioii of atoms within tlu^ mohunile may 
stand in tlie way of <ltdei*minin^ constitutions by tin* 
nudhod w<‘ are discussing; sc‘cond, tliat to c‘xelude such 
st*Condary edian^nss, hi^di t('mperatur(‘s should be avoided in 
dt‘termininjix constit ut ion. 

It has imt so far always btsm fouml ])ossibl(* to analyse* 
thest* niodiruMl reactions, and <list in<4;uish with certainty the* 
primary re*atdiein te) 1 h‘ nrrive*d ut; e*. jtr. pinacoiu^, whiedi has 
the* e'onst it ut ional formula. 

((dl,),(d)II(^()U((dI,),, 

is cotiverteel by withdrawal of wate*r iut.o pinacolin 

whic’h ai’conlin^ly was r(‘^'areh‘d by Fri(*de*P as 

“\/ 

0 

Hut UH Huihu’ow obtained tlie* same* bod}^ froin trim(*thyl- 
neadyl ediloriele, f/ d b|).j( M ) ( ' 1 , and //me mt*t.hyl, Zn((/dl,jb, 
the formula 

((dI,),(UX)CH, 

was (‘<|ually probable*, according U)ihe eepiation 

ifCdlpCXMHl fZn((dIJr^7ai(/L + a((dI,)(UK 

In caa* of the* twee r(*actiemH an enxtra Tn<*.thyl i^^roup must 
have* Im'I’U <h‘tache*el ami elisphu't'el, and so lar it is an open 


* Si’-i' iniioag <»t litS’w Umtu'mir/, IViVn* AktuL JUr, 106, 579 (1897). 
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question whether a subsequent process comes into play, or 
whether the displacement occurs during the reaction itself. 

We may conclude hence, for the practice of determining 
constitutions, that a formula arrived at only in one way is 
uncertain, but that as such inversions are rare, when two 
processes yield the same result with regard to constitution, 
the uncertainty is small. The conclusion is strengthened 
when one process is one of formation, tlie other of 
decomposition, since then the possibility of the same 
subsequent change influencing the reaction is excluded. 
In this way the above case of pinacolin was decided ; its 
decomposition on oxidation with formation of trimethyl- 
acetic acid, 0(0113)300011, together with formic acid, 

+ 0 (CH 3 ) 3000 H + HOOOH, 

has led to the adoption of the formula 

(OH3)3COOOH3. 

The result would be still more conclusive if the existence 
of an isomer rendered impossible the choice of a second 
formula, i. e. in the case considered, if the body 

(0H3),0~C(0H3), 

\/ 

o 

were known and turned out to be diflerent from pinacolin. 
Hence the case quoted on p. 86 of methyl mustard oil and 
methyl thiocyanate affords the greatest certainty, for 
formation and decomposition yield the same formula, and 
the other constitutional formula suits the mode of formation 
and decomposition of an isomeric compound. 

§ 2. Detebminatiox of Configubatiox. 
[Stereochemistry.) 

Whilst the study of constitution is restricted to 
determining the internal relations or bonds of the atoms in 
the molecule, the higher problem of finding the relative 
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poHititniH of tlu‘ atouLs, i, e. the .structure ol‘ the luolecule, 
ill the literal siuise. of the word, is included under 
confi^urai ion. 

Wt‘ will first (Usserihe the nu'.thods applied, and then 
di‘Voti‘ a HiH*eiaI stsdiou to stereochemistry, which developed 
through tludr ajiplication. 

TIu* two nu'thods are essisitially the followinj^: — 

A, Detc^rnunaf ion of eonf induration hy the number of 
isonus'ic* derivativ(‘s. 

li l)et(‘rminati<m of rt*lativ(‘ distances in the mol(‘eul(^ 
first method t‘spt‘eially has led to valuable restilts ; 
fhe siS’ond is at pn‘sent chiefly of importance for its 
intrinsic! seientifit‘ nn^auinn*, 

A. Dotormination of Contigxu'ation. by tho ISTumbor of 
iBomoric Doxivativos. 

'‘fin* wide* applieabilify of the prineiplt^ now to b(! 
discussed will 1 h‘ best np|>ri‘ciated by particular t‘xam[)les, 
(»f which cases may bt^ chosem illustrating tlu! fundamental 
meaninnd^d* the nu*thod. Huch (‘xamples are those referring 
to tiu* constitution <d‘ tin* btm/.ene derivatives, and to 
HtmH'ochtnnistry. 

I. vf lien 

The mo!i»euIar Formula of benzene, allows of 

a, large* immlier of structtiral fonnulat'i in accordance! with 
tlie indications of the tlu*ory of vuhmcy, and posst^ssiug an 
e«|ual degree cjf pretbahility. Several isomers, such as 
dipropargyl, a.re in this way possihh*. 

The choiee was made hy Kt*kule on tlu! ground of tlu! 
niimlHU’ of isoimnnc dcn*ivaiive‘S, in particular htHaiuse the 
nu>noHulrsiituti*d bodies such as plu*nol, U^H^OH, 

(‘xisi in only one form, the disuhstitutisl such as 

oxyhenzoie acid, C ‘,dl4(tdI!](C( )()il), in three* ise)menc forms. 


^ Mitrt'kwakf /aV 1H97 ; Vaubel, Ikr Utmsalkvrnj 1898. 
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To decide more closely, we may add the fact that 
substituted benzenes are not capable of decomposition into 
pairs of active isomers 

Kekule, in stating his view, relied empirically on tln^ 
available experimental data. Ladenburg^ later the 

strict proof, which will be repeated here. 

[a) Benzene gives only a single morwsuhstitiUed (lernnf- 
tive. Let us distinguish the six hydrog(m atoms in tln^ 
following way : 

and regard phenol (0(jHr,0H) as 

From phenol maybe derived a benzoic acid, C({ll;,0()()lb 
by replacing the hydroxyl group with chlorine (by nu'ans 
of PClr,), the chlorine with methyl (by means of (dl.f I ami 
Na), the methyl with carboxyl (by oxidation) ; this Ixnizoit*. 
acid therefore has the COOH group in the a ])ositiioti. 
The three oxybenzoic acids, C^jH^OH COOH, derived from 
this acidj i. e. salicylic and meta- atid para-oxybenzoic acids, 
diflfer on account of the OH group having n^placed dilHo’cmf* 
atoms of liydrogen, and not that in n, tluo’crore say thos(‘ 
in b, c, d, yielding : 

C„(COOHX(OH),H._., C„(COOH)„H„(()M).Je- A 
C„(COOH)„H,. «(OH),H„/. 

If now the calcium salts are distilled with Hint', the 
carboxyl group is replaced by hydrogen, and we get t lu' 
phenols : 

which Ladenburg found to be identical with the orie-inul 

Ce(OH).H,_,. 

Thus substitution of the hydrogen atoms a to d in 

^ Van ’fc Hoff, Atomlagening im Raume (2nd od.), p. 92. 

® Theorie der aromatischen Vei'bindimgen, 1876. 
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hvivAvuv Ivmls Ui ihe name i>r<Hluct; this may l)e expressed 
s}'inlH)lieallv' us 

I[,= II, = H., (l) 

In tlii' sec*uud pia<*(‘ it uppi^ars that in heiu^oic acid then* 
art^ still two hvilro^t^n atoms whose suhstitution leads to 
the same result. 

Ltd us Uikv t*. tile oxyaeid, ( (OH), and 
etaivert tie* eurn‘spontiin<^^ hnmitttlueutx CV. (^’1 l.Ja 
into nit rohrtuntolutiH*, L,. (( d I.^L l>r, (NO.,) Il.j; tins may he 
rtmvtu'ttMi ly rt‘tliU‘tlon into an amidotoIu(‘m‘, (\((jll. 5 ),^ H, 
(XII J ih,, anti Uh* iattt‘r hy <lin/.otizin^ and tnaitnu^nt with 
Itroinine, into i \ji dl.,)„ H, Hr IL^ whieh is i<l(‘nti(‘a.I witli the 
ori‘j;;innl suhstanet*. A<*eor<lin^Iy in h(*nzoiea(*i(l, (OOOH L 
H, M nm* hydro^uai atom is in a position identical with />, 
eonsetjuenily eitUt*r 

H,. H,, H|, H,, tm H,= H,. 

d‘ln* first two p(jssll»ilitit‘.s, lit>wt‘V<a\ disappt*ar, sinet* tint 
(mrrt’Mptmtiin^ ttxyaeitls that havt* ila* Oil in h, i\ and d 
res|»eet ivtd^' are difh^rent, so then* remain only the 
jMWHihilities 

Ih^rll and n,=rlL . . • . (a) 

In the third place tlH‘re is, hesid(*s H,, still a pair of 
similar II atoms in henxoic acid, as appears from tln^ faefc 
that tin* tixyhetizoit* acid in quest ion, (\j (( )( )I I)<^ (L)H), I 
eivesa hroimdHmzoic* acid, ( (( ’OOH)„ lir, H,, /,whi(*h h^ads 
to two iwanerit* nit rtd>r<jmoh(‘rn^oi(' acids, 1^.(00011),^ Hr, 
(No,,) 11^,, whose re«liietion i^dves tln^ sanu'. amidohiaizoie 
acid, (LOOII),, H,(NO„) Ihj, Tims (as aeain 11,. =; H,/ is 
excluded on account of file (liflermice h{*tw(‘i‘n the (Hirrc^.- 
hpondino oxyheiizoic acids) cillier 

If, .. II,, 11,..'- II,, Ih H,, Ho or H, = 11/ (3) 

If (a) and (;|) an* comhined, rcmmnhtu’in^ that ccinivalence 
of h, (\ and (i is excluded, so that e,*^. the comhination 

1!, .^ H, and H, r. H, 
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in benzoic acid is not allowable, the remaining possibilities 


H, = H, and H, = H, (4) 

= ( 5 ) 

H, = H, „ H, = (6) 

= (7) 

= ( 8 ) 

= „ H, = H, (9) 


These hydrogen atoms must, then, have identical positions 
in benzene, and we have already 

= = = (I) 

so that combination of (i) with the possibilities given by 
(4) to (9) leads to the conclusion 

H, = H, = H, = H, = H, = 

(b) The second fact, the existence of three disubstituted 
products, also assumed by Kekuld on the ground of the 
data then existing, is included in the foregoing as a necessary 
consequence. Besides the three oxybenzoic acids, 

Ce(COOH). (OH), Ce (COOH), H, (OH), Ra-f 
and Ce (COOH)« H,, ,(OH), H,,^, 

two other isomers are conceivable, with the hydroxyl group 
in the place of the hydrogen atoms H,, H/ respectively. 
But we have seen that one of the six combinations (4) to 
(9) necessarily holds, and this makes the other two isomers 
impossible, since one of these equivalences must hold for 
benzoic acid, (COOH)^ H,_/, viz. : — 


H, = H, and H, = H, (4) 

H, = H, „ H, = H/ (5) 

Hi, = H, = H/ (6, 9) 

H, = H, and = H, (7) 

H, = H, „ (8) 


(c) The third fact, that the benzene substitution products, 
not containing asymmetrical substituting groups, cannot be 
separated into optically active isomers (proved at least for 
the trisubstibuted compounds), shows that compounds of the 
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riT 


rn 


^ \ /m* (/ rf), iA\ with fi V(‘ hydrot^on atoiiiH replaced by 

diilereut p-dups, (1, 11 X\ X,X.,X;X,, 

hnvd a synniu‘tri<*nl (‘dustitutiou ; for asymmetry implies 
a uon-idt'ufieal rcdhadt'd ima^(\ so tliat we should expect 
two isomta’H ditfeimi^ as wi‘ sliall sec^ later— hy their 
op|>osite rotatioti of jioluriztHl li^ht, their so-called optical 
activity. 

This couditiou is only sntisfusl if heimtau^ has a platie of 
symmetry, in which all tln^ hydrogen atoms lie ; in other 
w<n*tls, all tin* hydro^im atoms nr(‘ in one plane, with 
n^Hpeet to which tlu‘ carhou atoms are symmetrically 
piacctl. The su^jj^esti'd spatial arran^camaits of the 
hy<lro;(en atoms are ilms 
exchidtsl With Ladtm- 
hur];(*s prism formula, e.u;., 
even the ditleri vativi‘S 
i\i lh|X., Wtmhl sutlet* de« 
composition into optical 
antipodf’H, since the two 
symbols in Ki^^. i { are not 
svmmetrit'aL ami tliere- 

k- ® 

hire not idfutitail reflected 
ima^^es ; the assumption 
of the re«^tdar octalMnlrmi with tlu^ hydrogen atoms at the 
tnmm* points carries <jnc a- litih* furilau’, hut thtu-e a^ain 
tlic tridiU’iviit ives wouht suffer d<*composition. 

How the hydrogen aiomM are nrrani^cd in the ]>huie 
hdloWH i^artly fnau tin* first principlt\ that then^ is only 
a siu*(le inouoderivative, according to which the hydrogen 
atoiiiH iiiusi Ilf* similarly situated. Two ])osHihilitit‘H occur: 

111 Jl Hi JI 

X 



Fix. i:). 


H. 




, \ II "• X 

IV- MI H'- MI 

The second is the arningcmcnt at the a,nglcs of a regular 
hexagon ; the first at iliosc td’ a hexagon with alternately 
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larger (2.3, 4.5, 6.1) and smaller (1.2, 3.4, 5-^) ^dges, 
very suggestive of Kekul^'s formula with alternate single 
and double linkages. 

The second principle, that three diderivatives, 
exist, settles the choice, since only the second possibility, 
the regular hexagon, provides the three isomers : 

XX X H X H 

H H H X and H H 

H H H H H X 


distinguished as i . 2 (ortho), i . 3 (meta), and r . 4 (para), 
whilst 1 . 5 = I . 3 and i . 6 = i . 2 . With the irregular 
hexagon we should have four isomers, since i . 5 = i . 3 , but 
I . 6 is not = 1 . 2 . 

The position of the carbon atoms is indeterminate, except 
that it must leave untouched the symmetry of the whole 
with respect to the plane in which the hydrogen atoms lie, 
and the identical position of the hydrogen atoms, whilst 
the number of diderivates remains three. An arrangement 


H 

( 

HC 


H 


C C 

j ( 

c c 


H 


indicated by the formula for benzene 
satisfies these conditions completely, as 
C H does any in which the carbon atoms are 
in a regular hexagon in the same plane 
as the hydrogen atoms, and with the 
same centre ; either, therefore, the above, or the same figure 
rotated 30°. The symbol may, without losing its validity, 
be brought into accordance with the theory of valency in 
either of the following ways ; — 

H H 


\ / 

C— C 


H- 


\ 

C 


C-H 


and 


-C 


\ 


H 


H 

\ 
C- 
/N, 
H— C— 
N/ 
C- 

/ 

H 


H 

-C 

\/ 

-C 

\ 

H 


due respectively to Claus and to Armstrong and Baeyer 
(the so-called centric formula) ; in the latter it is assumed 
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that the fourth vahaieies of the ear])On atonrs do not 
saturatt‘ each other singly, hut neutralize in their 
(‘utirety. 


2. Drivnni nation of Position hi' (he Benzene Derivatives, 


Afti'r th<‘ (‘onstitution of benzene was so far settled as to 
givi‘ an (explanation of tlu^ existtaiee of only oia^ niono- 
d(‘rivHtive, hut of thn‘(e isonueric^ didt‘riv^ativ(‘s, the (puistion 
arosis which of thi‘ thr(‘(‘ possihhu'onstitutions x . % (ortho), 
I . 3 (nH‘ta), 1 .4 (para) to aitrilmte to any givirn (lidcvriva- 
tivtx This is the problem known as absolute detcW’* 
niinaiiou of position. Kekul(‘ considinnsl the answer as 
only partly possiblt‘, rt‘gn,rding (‘Xpie'inuait as liniittal to 
dtet(‘nnining wh(‘ther two compounds ludong to the same 
s«*ri(‘s or not. Mg. which dichlorlKniZinu^ is to bt‘ groupt‘(I 
with any <au‘ of tlue thn‘(e dioxyh(‘nzten(‘s * say hydro- 
(juinome caii In* found from tin* conv(‘rsion of hydnxpunone 
into dichlorbcnzem*. by m(‘ans of 


c.naoH), 


+ 0 ’C' 1 ,= ('„H/’l„ + 2r()(n.,+ alICl, 


takitig cure as far as possibh‘ to (‘xelude an intramole(*ular 
diHj)laccm(ent (p, 88). This is accordingly a ridative detier- 
mi nation of positi(jn. 

The further probhun of absolute deh'rmination is now to 
st*tth‘ wludher tlusse two compounds, or rather the whole 
grotip tiny ladong to, lias tin* constitution 1 . 2 or anotlua*. 

Kdnier answ(*rcd this (piestion also by the nndhod of 
tlic mmdH*r of iH(an(‘ric d(‘rivativ(*s. Ih* r(amirk(‘d that 
a didt*rivntivc, such ns ( y I,j( d.^( i . 2), h'ads on introduc- 
tion of a thin! group, say N()j^,,totwo possibh*. formulae, 
1,2. 3 and 1.2. 4, as is shown by the diagrams : 


<n 



[6 S 



01 

a] Cl 

a li 

1 

,5 NO, 

& a 

4 


KO.j 


whilst 1 . 2 . 5 = 1 . 2 . 4 and i . 2 . 6 = i . 2 , 3. ihxt Ii4tT» 


u 
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(1.3) gives three isomeric triderivatives, viz. x . 3 . i . 3 . 
and 1.3.5. Finally, 0,11401,(1.4) allows of only a 
single possibility, si!i(*e i . 4 . 2 = i . 4 . 3 = i . 4 . 5 = 1 . 4 , 6. 

The application of these prineiph's to a vtny eomph^tt* 
collection of experimental mati‘rial n^sulted in an me 
exceptionable solution of t lu‘ problian, and one that, accords 
satisfactorily with tla^ indication of constitution giv<ai by 
the formation of bimziaie tHunpounds out of, and tlaar 
conversion into, fatty bodit\s. 


B. Determination of Eelative Distances in the Molecule. 

The ditferent atoms and groups in the sanu* molecult* 
may act on one anotluu* in a way that givt*s information as 
to their relative distances. Tliis action may app(‘nr in tw<» 
ways. First, it may lead to a reaction, catiscd h}' <‘omhina 
tiou and partial vSeparatiou of tht‘. two groups; htit on the 
otlier hand tlie characha* of a group may sufler a <duingc, 
which cam often lie followed out (luantitatively. 

I. Mtituul Actum, (if DijJ event Uvoups, 

An action that olten occurs in tins <lomain of organic 
chemistry is the comhination of two hydroxyl groups with 
separation of water : 

X(()ll), =: XC)+H,(). 

Of this an examph*. may ht* (piohal. 

Many facts point to tln‘ part played I.y muitial diHtnnc^c 
in such aetioiiH, ami cHptua'allj', fir.st, tliat in cu'ganic 
compounds, when two hydroxyl grtntps are attachcrl to tin* 
same carbon atom, they at onct* Huflcr flic change*, or rittlim* 
the existence of hodies containing tlee. gnaip (•(OH), is 
execyptioual. Ohloral liydratt*, winch appears to have* tin* 
formula COI3OH (OH)., seems to In* cau* of tin* few sticlj 
compounds, whilst e.g. the attempt to hn’m tin* (*cirrcspond 
ing compound, ailjjCll (OH),, leads to fonnatkm of aldehyde, 
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Cl!., (’IK), with .si'paration of watei-. On the. other hand, 
(•(mi]Hmiuls eoiitaiiiiiijj the ^rroup C!(0 II )('(() H), Hueh :i,s 
etliyleiii' f^lyeol, (’II._,(OM)C’Il._,(()II), ari' mostly very .stable. 
It must he rcmarkeil, howeV(‘r. and it adds to the (lillkiulty 
of making I'utiunal u.s{» of tht\ princij)le, that not only 
mutual distaius', hut other inllueneiis as widl, aiii'ct the 
•separation of water from two hydro.'cyl jffonps, as is clear 
from the ca.se of chloral hy<lratt! 

An interestinfj ('xampli' from tlu^ aromatic compounds 
may la* addtsl, in which the method <]iscusse.d led to 
a. diri'ct and ndiahh? determiiuition of constitution, d'he 
three phthalic acids, ll,, 11^(00011)., havc^ the conti}j;uration.s 


II 

C 


II 


and 


II 

C 

,C(M)()II. 

c 

C( Kill 

II 

V- 

iioocc; ' 

c' 

II 


II 

V. 

HC.I 

a 

C 

IKK )C 

11 

C 

, 000011 . 

o 

n 


H 

(; 

" , 000011 . 
h 

II 


Now oidy one of them easily forms the anhydride, 
CO 

( 1 1 1 ^ ), with H<‘paration of water ; this one was therefore, 

and correctly, aHSUimal to he orthophthalic acid ( i .a), whilst 
the other fornndair were assie;ned to isophthalic (i and 
terephthalic a<'id ( 1 . 4) ; in the Intf.i'r the carhoxyl groups, 
( 'OOH,eontainin*f the hytlroxyl, are more widely separahsl. 

It may he concluded in jfeiieral that such condemsation, 
i. e. formation of an ijiternal nnh_v<lri<le with separation of 
water, occurs most easily in the orthodtudvatives (i . 2). 


' .Ski .itliias, ini iemriiiai'nts <>f vi.lm'iiy ia tlio cimvtiwioti uf 

i-hliirliytlriiw. Kviiim, Xdtmiir.f. I'hnn. I'hiin. 3.'j6. 

II a 
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a. Mutual L'lfluence of Different Groups. 

The mutual action of two groups in a molecule may 
thus show itself in bringing about a combination, and 
chemical reaction between them ; but without going so far 
as that it may suffice to change the character of one of tlie 
groups under the influence of the other. We may take as 
instance the acid character due to the group COOH ; this 
property may be strengthened or weakened, for the reason 
considered. Since Ostwald’s dissociation constant offers 
a ready measure of the acid character, the principle of 
determination of constitution has been tested in this 
direction by the author ^ named. The dissociation constant 
K which governs equilibrium between undissociated acid 
and ions, according to the equation 

and therefore bears the following relation to tlie concentra- 
tion of the undissoeiated acid 0^ and ions (Part I^p. ii8), 



may easily be determined from the conductivity, sinee tlie 
dissociated part is the same fraction of the total concentra- 
tion that the molecular conductivity /x for tlie concentration 
in question is of its limiting value i. e. 

+ = G) =z fx : 

Hence and are calculable for any given concentration, 
and therefore iT is so : 

whence a expresses the fraction dissociated into ions. 


1 Zdtschr.f, Phys, Chom. 3. 418. 
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The valutas of K tluis ineaBured arc auitaLle for jnclp;ing 
ol tlu^ itithuaiet^ we are considering, not only on account of 
tlu‘ facility of (let(‘.nnination, lait because they vary so 
greatly amongst thems(dves. Thus tlie inHuence of chlorine 
at 25" in strengthening an acid is shown by the numl)erH: 


Awticncid, CILtOODH 100 /C- o-ooiS 

Mouochluraoidic. acid, OHgClCOOII . . . 0-152 

Dichloract^t ks uci<l, €n(U./X)OH .... t.. 5.14 

Tricld<ira(‘ctic aci<l, (XJl,()()01I .... ^121 


and in (‘rotonic and isocrotonic aei<ls, isomers of tlie formula 
(TI.jtTI (TI (K)()H, chlorin(‘. shows, as might be expected, 
a gr(‘at(‘r inlhuau^e on K when nt‘ar than when far from tlie 
carboxyl ; tlu‘ numbers aga^in nvfer to 25° : 

('Kilanic avid Ii^acrot(})iLC acid 
1 00 /v 0*00204 o 0036 

a <’lil<»rdt'rivaiiv(M(ai;;( ni COlCOOll ,, 0*158 

/“I ((UI.}(‘(‘I(JU OOOH. „ 0*0x44 0*0095 

Sinc(‘ we. havi^ h(‘r(‘ an indication of tlu‘, possibility of 
dit.ermining r(‘lativi‘ distanci's within th(‘. moh^culcj wet 
must mimtion i.lu‘ (juaiilications so far (existing. 

On the theoretical sidi^ it must be rmmanbered that, in 
consiMpudua^ of thc^ umuiual distribution of matter in the: 
muh*cuh‘, an action is ranty propagated eijually in all 
<rnH*ctions within it. 

On the (‘xpmnnumtal siih^ it appears that somcjtimc^s 
a group in the meta-, sonutames one in the para-position 
!H*ha,veH as if it wtu*e at tlui smalhu' distance. This is 
shown in tht‘ following ortho- (i . 2), mt^Ta- (i. . 3), and |)ara- 
(1.4) dmivatives in tlu‘ benzene stumps h 


li 

(%i<u'dvrira(m'$ ! 

j iV Unnkriraiit'CH 

Oxytkrimtivra 

1 

Jtt)i"fiic acid 

; Ih nsaic. arid 

Phtuid 

A tiilinr 

JkHZiric arid 


iVioK o*oo6 j 

i 0*006 

— 

0 . 0^5 

0*006 

f I . a ■ : i 

„ . 0*132 ! 

I o 6 i 6 

0 * 0, 83 


0-102 

it .:r 

„ ** 0*0155 1 

ii O ' 034 5 

0 O 589 

o.Utt4 

0*0087 

u.-t. ,1 

,, 0.0093 1 

1 

|i 0*0396 

O-O* 12 


0*00286 


^ ZdiHchr.f- Chcm. 25. 385. 
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The suhstituting group always exercises most influence 
in the ortho-position benzoic acid is strengthened 

hy chlorine and the nitro group to the greatest extent, 
and the latter too brings out the acid character of phenol 
and suppresses the basic character of aniline most in the 
ortho-position. But comparison of the meta- and para- 
derivatives leads to varying results, since chlorine exercises 
the greatest influence in the meta-, the nitro group in the 
para-position. The oxyderivatives appear to behave likt^ 
those of chlorine, except that here the acid character is 
weakened in the para-position, while it is strengthened in 
the ortho- and meta-. 

Velocity of reaction, which often in otlier ways goes with 
this dissociation constant, but is not usuahy so ea,sy to 
measure, shows the same peculiarities, so tlie velocity 
constant k for some reactions’^ may be giwni lun-e (wse(‘. 
Part I, p. 1 91). 


Combbmtion of Bmnallyl toifh 
Methylanilmc (Toluidinc) Chlonmilbio 

(1.2) 54 9 

(1.3) . . . . ft=445 23 

(1.4) . . . . ft= 96 34 

(Anilino tc= 68 ) 


}rifh 

Md/iiihtniiinr 

86 


5^ 

(AniliiK* = 


The case is again simplest for tlu^ ehlonhrivativt^s : 
the velocity, 68 for aniline, is reduced, the most by clilorinii 
in the ortho-position to 9, then in the meta- to 23, tluni in 
the para- to 34. 

C. Stereochemistry. 


Since constitutional formulae, expressing only tlu‘ mod(‘ 
of combination of tJie atoms in the mol(‘euU‘, no longin- 
sufficed to explain the cases of isomerism ol>s(‘rve{l, a new 
attempt at explanation had to be mad('i. Such a ease* ai*os(^ 
in the discovery by Pasteur in 1853 laevo-tartari(* acid, 

COOHCH(OH) CH(OH) C( )()II ; 

but in the tlien state of the study of constitution was not 
^ Menschutkin, Bert Ber. 30 . 2966 , 3 X, 1423 . 
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as such. It was Wislicenus wlio first, in 1873, 
inovtMl by tlu^ diseovtny oT tlu‘ isoinoric active etliylidene- 
la(*iic acids, ('"H.jCdlOUCX)!)!!, expressed liiinseli* convinced 
that iJit* ustuil eonstitiitional forinulac <lo not snllice to 
olueidatt' this isonuaasiu. 

Sonu^ t‘xtension oT the tluH)ry of constitution was tlius 
iHH*eHsary, and oT the three possibilities, dissimilarity in tlu*, 
valencii‘s ol* carbon, displacuauent of tln^ atoms, and the 
rtdative position of the atoms in space, tln^ last, as is well 
known, turiuMl ovit to 1 k‘- tlu‘ satisfactory ex[)lanation b 

Dissimilarity lH‘tw(Hm tlu‘. different valencies of the 
carbon atom is not suited to supply the explanation, 
b(H*ans(‘ tluit a,ssumption would recpiin^, isonuaasm in ovam 
tin* simphsst d(‘i'iva.ti V(‘s of the type such as 

chIorm(‘ihan(% (dl.jC’l. It is of iniporta,nc(^ that Ibmry'^ 
cari’icd out a sj'sb'mat ic r(‘s<‘arch on tliis point, prepUirin^ 
nit rom(‘than(% I I^f b\( ), , in four dilfercait ways, c^ach of which 
would havt‘ brou;^dit tlu^ nitro ^roup into tlu» phicc^ of 
a dithu’cmt carbon atom. If, then, W(‘. distinguish tht^ four 
hydrot^tm atoms by the indiciss <( hcU, lu^ prt'pared 

< '(N( ),.)a 1 1/, . ( ^^Ma( N< U. 1 D on, , (N( 4 . H,, 

and (:H,,,(N(4/, 

which tunu‘d out to Ih‘ idmitical. 

11u‘ startiaji; mat<*.rial for this was methyl iodide, 
this, combin(‘d ilinxdJy with Ag NCb, was trans- 
formed into (d(N< 4 ,, Ilf,,.,/. Anothta* portion was converted 
by K(h\^ into the, nitril of acidic acid, C((JN),jH^, ,.,0 J^i^d then 
into actddc acid itsidf, C((X)()II),, H,,,.,/; this was chlorinated 
to (:((X)()H),(n„H,,„ and on trcatnumt with A^NOj, 
^avi*, thr(ai|i^h tlu^ transiiuitly fornu'.d uitroacetic acid, 
( bfX)()f!),^(N().^)^,lh;f/, the seecaul nitromethane, t^H,t(N()2)?, 
H. ,/. Auothtu’ portion of tlu‘. nitroaeetic acid was then 
<*(aiv(*rttnl into nudonic acid, chlorinated to (^(tXX)!!),^/, 
( 1 , H,/, and reduced by A<»; NO^ to the third nitromethane, 

’ Vaii X lloff, Luijrruntj tkr AUme im Raumu (aud tjd.), 1894. 

* Ziiimkr,/* Phys. (hem. 2 . 553. 
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CH^6(N02)cHj. Renewed introdxiction of the carboxyl 
group, chlorination, and nitration yielded tlie fourtli nitro- 
methane, CH,, The foxir nitroniethanes thus 

arrived at were found, as already remarked, to l)e identical. 

Further, we may briefly discuss the possilxle explanation 
of isomerism not falling within the theory of constitution, 
by differences in atomic movements. Ikn-tlielot ^ suggested 
it for the case of tartaric and lactic acids. The attempt, 
however, remained without success, as it was not possibh- 
to formulate the view clearly. It should be obsen-ved in 
this connexion that any attempt at explanation based on 
atomic movements requires that the plumomenon explained 
should vanish at the absolute yawo, sincx^ thei’c atomic and 
molecular movements cease. Fall of t(^mp(^i*atur(^ sliould 
‘ therefore lead to a gradual assimilation of the ditferencais 
between isomers, if difference of atomic movi^ment is tln^ 
cause, and of this the isomers in question do not show tlu* 
smallest indication. 

The third alternative, /^omc'rma ihte f()(lijjhrnit position)^ 
of the atoms in space, has~ shown itsc^lf ca4)able of meeting 
the case, and led to the devclopnu‘nt of st(n’(^och(unistrv. 
We will bring the subject forward in tlio following 
divisions : — 

(i) The asymmetric carbon atom and separation into 
optical antipodes. 

{%) Single carbon linkages, and compounds with mon* 
than one asymmetric cai-bon atom. 

(3) Double linkages and rings. 

(4) Stereochemistry of otluu' elenumis. 

1 . The AsynwietTic Oarhon Atom and Separation into 
Opt icu I A 'id i pot I CM, 

Stereochemistry is based on the pritunph^. (p. 91) of 
detennining configuration by the numbtn* of isomeric sub- 
stitution products, support(id and extendiMi by application 

■* JhiU. da la Sac, C'him» 1875. 

^ Walclon, Joum. nm, Phys.-CJmm. Gm. 30. 483. 
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uf tht‘ iiH*! hod (|). yK) doiH‘iHlin^ou distancos in the 

tiudfculr. Tlit* fact is t hat in uu^t ham* derivatives ot* the type 

in wliic*!i. thia’tdon*, the enrhon is eoinhined with foxxr dif- 
iVreiit nttims ca’ i^rotips. such ns lactic acid, just luentioned, 

i\vi\ fo|ipositely optically active) isouHa's reg-ularly ocenr. 
The ditlereju'c of thi‘ |j:naipH or atoms is essential, since, 
e. if in tht‘ nluivt* the !ty<lroxyl j^roup ho replaced hy 
liydro^en. both isomeric lactic acids huid to the same 
(optically inactive) liropitaiic a(‘id. 

t\r!ijii,( '( )()H. 

A conti^jftjrnt i<»n of mi*thniu% such as is shown in Fi^s. 14 
and 15, with tla^ hatr ^O’oups H in om* phuH*. and uuironnly 
arriuy^etl, wotdd not a^ree with th(‘ facts, for tlaai the type^ 

with only tw«r ditlerent i^roups should haul to isotma-istu, ns 
slaovii hy the ilitleretice hc*twi*en Ki^s. 14 and 15. Ihit the 
Ih 

1 I 

(i, (! It, U, C K, 

I 1 

It, U, 

Fig. i j. Fin 

nriiiiy^eiuent at t tie an|4'!eH of a r<*^ular t(*trahc*dron exclndt's 
i?^oinenHm in this and oilier cases, unless all lour gi'^Hips are 



Fik. *' 7- 

ditlerent, as is indiciitt*d hy the ditfenaico between Bigs. 16 

Hn<l 1 7 ; this ditl.TcJin^ wt.iild uliviou.sly vauLsh if only K, 


I 


f 



I 
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and K4 are alike. Not only the occurrence and non- 
occurrence of isomerism agree with this fundamental 
assumption, but also the character of the isomerism. In 
ordinary isomerism, as that of CgH^Cl^ (1*2) and (i . 3), thert^ 
is a difference in every respect, in melting point, l)oiHng 
point, solubility, density, and also in clieinical behaviour. 
The two isomeric lactic acids, on the other hand, agree in 
almost all points, as in those just mentioned, in accordance 
with the complete e(iuality of their internal dimensions. 
Differences occur only in respect to qualities that reier 
to the difference between two unsymmetrical ndit^eted 
images, such as Figs. 16 and 17 are. 

The most noticeable difference is in optical activity in 
the dissolved or the liquid condition; this shows itself in 
an opposite (and equal) rotation of polarize<l light, and 
every substance containing a cai'bon atom unit(Hl to four 
different atoms or groups — a so-called asymnu^.tric carbon 
atom — occurs in these two oppositely active forms, th(‘ 
optical antipodes. Tlie simplest body yet known that 
illustrates this is chlorobromottuoracctic acid \ 
CClBrF(CO()H), 

which Inis been obtained in two antipodes, and from which, 
presumably, the isomeric chlorobromoflu()rincthan(‘s, 

CCIBFH, 

should be got by splitting off carbon dioxi<le. 

A second difference shown by tlio isonuu's in (]uestion is 
in their crystalline form. Tim 
expresses itself in the formation 
of two so-called enantiotnorj)hi(‘. 
forms — due to hemihediy— -sucli as 
Figs. 18 and 19 show for lat^vo- 
and dextro - ammonium bimalatt*. 
The two forms, like the diagrams 
Figs. 16 and 17, representing the 
atomic arrangement, constitute a pair of unsymmetrical 

^ Swartz, BuU, cU VAcad. da Belg, (3) 31. 28, 
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tliat <-!inuot he siiju'rposcid on om^ 

aimt her. 

rin- . ■similarity oi tin- a!tti|Hiilc,s in ut, her i-(‘sp(i(;tH iTnjtlies 
ill!' tifccNsity ‘if u .sriiarntion, whan a luidy with an asym- 
iiH'tria carl mu atom is iircparfd in the lahoratory. For 
-.lartiny with an inactiva, symmatriaal body, wiah as 

u litii a tuurtli t|i!r<a’t*ut ^rt>up is iuirodiuHHl in j)lact^ of 
II,, thr two It. Innu^^ Hyiunudiru'ally eontaiiUMl 

ill flu* ijiolrfndi*. nrv rr|tlarrtl with ('((unl racility, an<l ho an 
uHKtnvv of th«‘ two isi}nua\H, ( in e([ual 
aniuuutH hi produrml, in whi<*h tin* (’oinpoiuaits art^ ynt to 
Id* N«‘|inratod, It is woll kitown that in iht‘ or^^anisin, on 
fh«’ othor hand, tho nnti|HHlos oaanr .snjmratnly, o;. tartai’ia 
arid ohlniiiml from ^^raprs i.s thi‘ ariivt* drxtro- rotary 
III* utitirnt ion, 

Ttir lurtliotl.H ol Nopurntion nvnilnhU* may 1 h^ f^ronpiMl 
a.H follows: — " 

fn) .Mrlhoiln liasial on thr phriiotmam of Holution. 

(a) So«c»Hllo«i .HpontanrouM Hi^pai^ation. 

(d) Srpanition hy niraus tif nctivr coinjHmndH. 

hirni^d on (’hrmirnl hrhaviuur, ch'ptmdin^ on 

ilio iirtion of rii/yiurH njut f *r|j[n nisi im. 

(a) Mrihinin hiibr^i an thv Phvnomtnia of ^%fll(tlo|i, 

(til oroofu m'purtft loti. Hrparation of tlu!) optical 

aiitipoflr^ in rriiiirri*ddif!irtilt by thrir Himilarity of h(‘ha,viour 
in idiiioHi ovrry rsprrially thrir tapial Holuhility: 

tiiorrovrr, flir iHoiurrH tuontly tiniii^ to form a Ho-ealI(*d 
rarriiiir body, m in tin* rln.H?4i{*fil rxamph* tjf tlu^ racanni(t 
arid prrfdpif itlril on niixiii|X ri»nrrntratnd Holutioim of th(‘. 
imo ojiptmilrly iw*iivr tariarir aritls. 

I1ir fart di.Ht'ovrri^l by Paatrur, that tln^ mibataneoH do 
not jilwaya nppi^ar to|^^rthrr in thin way, but that, ag.j from 
thid Moliiiion of ilir hoilitun-ammonium mlt of racmuic acid 
larvii- and din^Irri-'Horliiun-aiinnoniuiu tartratea cryatallmo 
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side Tby side, led to the first actual separation. I his tact 
has since acquired a certain general interest in natural 
philosophy. Pasteur, who held the view that optically 
active compounds could only be obtained by the action 
of living organisms, attributed the so-called s])ontan(U)us 
separation to the action of germs in the atnu)spliert‘. 
Wyrouboff opposed this view, and since then the mechanical 
explanation of the separation has become clear, viz. that 
separation takes place regularly when the mixture of tlu'i 
optical antipodes is less soluble than the racemic substance*. 
The phenomenon depends on temperature, and lor some 
bodies occurs onlyunder restricted conditionsof tt‘-mperat/Ure, 
as will be seen from the following more detailed account 
of particular cases. 

StMel found that the solution, which in Pashmr’s hands 
yielded the two sodium-ammonium tartrates, gavt*. him only 
a sodium-ammonium racemate; this was mon^ tlioroughly 
investigated by Scacchi, whilst Wyrouboff found that tin* 
appearance of one or the other from solution diqnmdt^d on 
temperature; that if supersaturation was avoi(h*d tlu* 
mixed tartrates appeared below the raemnate ahovt*. 
VanT Hoff and van Deventer^ then showed that wi^ hav(^ 
here to do with a transition (Part I, p. 25). Just as with 
Glauber salt, the separation of hydrate (Na^SO.^. loIhO) 
or anhydride, according as one works below or above* 33*", is 
associated with the complete transition of the salt at 33*", 
according to the equation 

Na^SO^ . 10 H^O = Na,S(\ + 10 H,(), 

so the alternative crystallization of mixed tartrates or ol* 
racemate is associated with a transition taking place at 
according to the equation 

CaH^O^NaNH, . 4 H ,0 + DC^H^O^NaNH, . 4 H.( ) = 

(C AOeNaNHJg H^O -i- 6 H,(). 

The two phenomena may be observed in the same manru^r. 

1 Zeitschr. /. Phys, Chem, i. 173 ; van 't Hoff, Goldachmidt, Jorkson, 1 . c. 
17. 49. 
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Tilt’ triinHitioii id’ i tlnuln^r salt appears as a melting point, 
aiui fan ilet«*r!iuiitMl fitlu'r as thi‘ it*inp(‘ratur(‘ at Avhieh 
that salt iindfs. or that at which a. mixtun^ of anhydrous 
SiHlitim aulphnti’ au«l water rria*Zi‘s. Htadvinaun’s a])paratus 
tor exact ihdi’rnunat ion td’ melting points is admirably 
a«lapti*d to lln^ obsinnatiom 

'fhe same cun be flone fur tin* formation atid (h'composi- 
liitii id’ racemates, and in that way. c. tlu^ tcmpcratur(^ 
(4C1 I at wliicti ruldilium raiaanatt' splits up into the optical 
ant i]« ides lias lusni d»*t crmiiieil K 

Sinci*. hiiwt‘\er. a sianewhat lar^c amount of matmdal 
is netsled to iliderniiiit* transition banpcraturi's in this way, 
the dilatometrie proi*i*ss tli*scribefl in l*art b p. ’XX *tu which 
tin* chaii|,n* td’ wdunn* accompany iiJ^ transition is usimI 
as indication, is e»ften tin be pridcrred. A <lilatunud.i‘r iilhsl 
with tin* tartrate nii\t un\ i‘. ns indi(*aiion of tlu^ 

inuisition of the soditun nmnaadum tart rat i‘s into raciamitc, 
tin’ bdlowine; rentline;^ of tin* level (d‘ the rniibnl : 

* aj;uima. j ,t, i ' 

t »» ) , • 

f ....... f0-» M 

:o>;' . . . . . . . ’fj'! '• t ‘ 

^riic conversion. tln*rcfore, pHtk place In’twiaai and 

■i7»7d with an expansion equivuJent t(» a rise td' tin* litpiitl 

by ■ i/i . 14; non. 

As in, the cHsr of tdiiuln*r salt, hh in (hat of the I'HCtanate, 
tip* transition is «’onnectcd with a sin^ithirity in tin* solu- 
bility' .eiirye. This for (dhutbt'r salt shows a break at 33“, 
due to the iiiler''^eet ion lit that- temperature <d‘ two solu- 
bilitv eiirvrs. oiir i*<dVrrino to tin* hydrate, tbe othiu’ to the 
fiiilrvdrith* ibart I. p. The bdluwin^ numlH'rs, taken 

from Lottid, uill, serve to illusirnte (his; they eive the 
wei^^lit of iiiilivdrous .sodinin Hulphate p(*r lou parts of 
water in the Mtiiiniied Hohition: 

.oifu'nis f f :0’*rb 

X«;SOi , i.,i If ,0 4 «» 55 

. . -m-aJ 49 * 5 ^ 

* v,iii 1 , iImii; MtdK^n ihti. /io. an 
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The numbers show that below ^ 2 - 6 ^° the solution satur- 
ated for anhydride is supersaturated with respect to 
NaSO^.ioH.P; here we are clearly dealing with the 
well-known supersaturated Glauber salt solution. Above 
3:2*65° the state of affairs is reversed, and the solution 
saturated for the hydrate is the more concentrated. The 
two facts accord with the reversible transition in one or 
the other direction. 

The tartrate mixture and racemate show precisely similar 
behaviour. For loo molecules of H2O there were found, 
expressed in molecules of C^H^OgNaNH^ : 


For Saturation with 


i 6-7° 

27° 

Tartrate mixture . 

. 

. 2.43 

3-86 

Racemate . . . . 

. 

• 319 

3*86 


Only the solubility curve could not be followed out higlu^r, 



Pig. 20 . 

because a second transition into sodium and ammonium 
racemates takes place. For this reason rubidium racemate is 
better suited to show the point, having a corresponding tran- 
sition at 40°. Measurements of solubility gave, expressed 
in molecules of CiH^OellK for loo molecules of water ; 
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Stifaraiiim ui^h 35 “ ' .^ 0 . 7 '’ 54 " 

Tartr.ittMuixIurt' . 13.^13 - 13.46 13 H3 i IVino a'b 20. 

luu’fiuati' . . . lu.tH iu>03 13.4H -- ■■■- iLitu\ All ,, ,, 

Whilst. tlu‘n*iun\ rurujuirisou with a siinjih^, transition 
hftwrfu two liydrntt‘H (as of (Uatihor salt) brings out 
i‘vi<lont rolntioiislups, thori^ is a ditrt'nuuHi to be noted, 
for tlio format ion or doeomposition of a raecanate is not 
a simplo tMaivorsioji of oiu‘ salt into anotluu*, but of a sa.lt 
mixltirt* itiirtrutrs) into a sinolo salt (raetunate) or vice versa,. 
lumirud*erin^ this, it is clearly the fonnatiou or decomposi- 
tion of double salts tliat should be quoted as analogy, and 
we will tlierefore iteserlbe whut is essmd.ia .1 In the relations 
of solubiltiy at' the transition tmnperatun^ in such ea.s(‘s. 
iSei‘ Part I, p. Hi,) I,t*t us take the formation of a,strakan“ 
ife, tin* sodium-nnqpiesitnu sulphate, Na.M^o^^ • 4 I ), 
from its i’omponmits, Na.S()j. lo HJ) and M^’S(),j.7 
which plnei* at accortliiio- to tlu* (‘quation 

Na .St . t o np I M^^Si . 7 I i i 1 - Nn.,MK;S( ),^). . 4 ] U ) 

I ijH O. 


Here, a|4;Hin, we have an apparent fusion that may bt‘ 
followeil liy the thermometer t»r tlilatoinidtu*. 

We now limh in the behuvitiur with regard to solution, 
nt'W relations to tin* rormation of a raciunate. These 
ii|ipear in tin* faet that at thrt^e soluhility (!urv(‘.H inter- 
sect. From low temperatures tip, wt* havt^ the solution 
Huttirated tor the two sttlphnicH (1); at formation of 
ie 4 riikaidte in. itttd according ns ilnu’c is {‘xei^ss of tin* 

Nultiiiii or iiia’.pieHium salt, we reach t‘ithm' t.Iu‘. ciu’va* ol 
witiiraf ii»ii For icHtraluniite and sodium stUpluib* (3), oi’ tluit 
of iiMlrakitiiile* and miiernrHium milphaic. Scluunatically : 


i (t) .{■ 

XI 


(x) Astr. 4 N'a^SO,^ . lolLO 
( I) A.st r. 4 . 7 l l/> 


The ^itiiie in te» be expeeted fem the formation of raeematc. 
Tliiis, fur the stiiliiiiiiaiiiiinonitim salt from low tcmperaturi^. 
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to 27° the saturation curve for the tartrate mixture 
(i) holds; at formation of racemate occurs, and if the 
two tartrates are present in equal amounts, we obtain 
the former racemate curve. If one or other tartrate is 
present in excess, we come in the one case to the curve of 
saturation for racemate and dextro-tartrate (2), in the other 
to that for racemate and laevo-tartrate. Schematically : 


A 2) Racemate + QTartrate 

QTartrate 4- ^Tartrate (i) — 

27 \(3) Racemate +^Tartrate 


The results of such measurements of solubility may best 
be represented by a model, in which the quantities of the 
two salts are measured along two perpendicular planes, 
whose line of intersection constitutes the axis of tempera- 
ture. The solubility curves then lie between the two 
planes, and any projection of them can be obtained, such as 
Fig. 21. 

The essential diflference between the formation of a 
double salt and a racemate now appears in the symmetry 
possessed by the latter case, due to the exactly equal 
solubilities of the optical antipodes, whereas the components 
of a double salt have in general different solubilities. The 
number of measurements needed to prepare the model is 
for this reason smaller in the case of the racemate, and it 
is only necessary to experiment with the racemate, or 
inactive mixture, and one of the antipodes. This is the 
case with rubidium racemate : only here the phenomenon 
is reversed as compared with double-salt formation, for the 
formation of racemate takes place at lower temperatures, 
and in the equation 


(RbAOeH,)^ . 4H,0 ^ CRb,C,0„H, + 
^RbAOuH, + 4H,0. 


the left-hand side represents the form stable at low tem- 
peratures (below qc-q*"). Thus, what in the preceding 
equation came on the left, the tartrate mixture (i), comes 
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lu'i'fi on tlu'. I’ifjjht, and conversely the mixture of I’aecmate 
with the respective tartrates (2) and (3) conics here on the 
left. 

Holuhility measurements of the raccmato-tartratc mixture 
jjave per too molecules of water, expressed in molecules 
of Rh.(V>cH^: 


Tempemtim 

r -Tar (rate 

hTartf'ate. 


=5“ . . 

• • • 9*15 

2.8 

r +1 
0-531 

30" . . 

. . . 8.46 

4.1 1 

0.346 

35" . - 

. . . 7*8 

5*12 

0*208 

40 - 4 '' . . 

. . . 6.74 

6.74 

0 


Piv. ST m th('. proj(Xiti()U of a iiiodel that rcprcHcrits thcfie 
ilata. T h tlic axis ol' temperature; dextro-tartratc is 



!•%. 21- 


meiiHimHl tipwards, laevo»tartrate downwards, so that 
tvpn^HcmiH ilu‘ data just while AB and BO correspond 

to thoHi^ that are also drawn on Fig. ao, and refer respec- 

* I'ha wny In wludi iha n-tljitivo (*x<'«hh of ono ftntipoilo approaches zero 
i?i mry characterintic of ihe trannition tompox’ature. 
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tivoly to racemate witliout excusss of either a<jtivo tartrate, 
and to the tartrate mixttire. 'To compU^ti^ the tifj^ure in 
the plane of the <lextro“tartrate, tlu^ lini^ uu' is drawn for 
the Holubility of the dextro-tartrate alom% from the data 


loo lIyO lo.c) 

53*5' n -79 „ 


We may now, on ae(‘otnit of the sohibiliiy of tlie two 
antipodi's, draw oti (lu‘ same h|j^urt' s''b and ss' as (‘x- 
pressinii; saturation with raetanatt^ and lat*vo”«tartrattx (U' 
with the latter alont*, aial Joiiiin^ tlnw. various lines by 
surfac;(\s wt^ havt^ 

area saturati<m for <t(‘xtrodarti‘ntt‘ ; 

„ „ „ laevo-tartratis 

,» „ racanuattx 

The boundiiij^ lines nder to saturation for two salts; the 
point B, in winch tiny nns't, to saturation for all t hna*. 

Aceordinii;' what precedt's, imutivi* liodies etudaininj^ 
aHymimtric carbon may be divided inb) thns* (tasses : 

t, ThoHi% the most, that appear In racH-mic! form, like 
racemic acid, and wlmsc^ transition point is so far renu^ved 
from ordiiuuy tt‘mperaturi‘H that they a}»pear fnmi the 
inactive solution praeti(‘nlly only as racemoids ; the rac’c 
mold here has a much smaller solubility tfian the inactive 
mixture* 

a* ()tlH»rs, rarer, tliat appear split up, likt* |j^ulonic lactone ; 
here the racernoid has a much ij^reatcr seilubility than tie* 
inimtive mixtunx 

3, The thirti category inclmles the rarest cases, so far 
observed only in sodium-ammonium rncemaii% ammonium 
bimalate, rubicliinn, and pobissium racematcH ami methyl” 
inarmosid, in widely according to the tfunpemtunx casi^s 
3 and a meet, so that a transition |Mniit HtijiarateH tlic 
regions of the two plnmomcna* 

(d) Beparatimi by farminy mltH mih aetlvt aridn uttd 
bases. A method very suibUde for scparatioiB whmi dcailing 
with bases or acids, is to combine with suitable active 
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substaneoH to Fonn salts. The method was first applied in 
the (*as(*. of raetanie aeid by Pastcnr, who sattirated the acid 
with oinclumiiu^ and found that the cinchonine salt of the. 
laevo-acid crystallized first ; this has then obviously a 
smaller, and tliend'ort^ a ditForent solubility’-, in accordance 
with tht^ n^tamral rule that, so soon as asymmetrical optical 
antipodes combine with the same asymmetrical active sub- 
stance, a compound results no longer answering to a pair 
of ri‘fle(‘ted images, as apj)ears from Fig. 22. 

llie two larg(U' trianghis represent dextro- and laevo- 
tartaric acid, tlui two smaller, cinchonine; the dextro and 
bu‘.vo combinations cannot be arranged 
symm(‘trically to one anotluu*, and con- 
s<H|\ii‘ntly difier in their ])rop(U’tii^s like 
ordiiiary isomio's, e. g. in tlu'ir sohxbility. 

Diri'ct m(‘asui'(*nuoits of solubility have 
not yet Ikhsi (‘urried out for such a case, 
so that th(‘ {jVi(‘stion is still undecided 
wlndher raemnisjti is possihU' in it, with 
a transition ttanpc'ratun^ in the former sense If so, the 
plunumuma would la‘ strictly comparahle with the behaviour 
of double salts. 

(h) Methods of Separatum dependvng on Chemical Actiom 

Separation hy m eauH (f enzymen and orcfanisms. Separa- 
tion by nuuins of enzynu^s and organistus is really the same, 
ha' the function of an organism in such cases can bo trac(‘.d 
to tln^ action of ptaruliar substances formed in the organism, 
and givtm of!* by it, to which the name of enzymes has been 
givtm. An (‘sptHually interesting (example of this is to be 
found in tlu‘ isolation efFceted by Buchner^ of the enzyme 
of fmanemtation, zymast^, from yeast, by breaking up the 
yeaHt-(H»llH (by rvd>bing with glass) and pressing out If 
we combine this fact with the <liscovery of Fischer^, that 

* Marrkwaltl, ik vL Ikr, 31. 7B6. 

® Liulonhiirg, 1. <% 31. 5ii4, 937, 1969 j Kttj»tor, 1. c. 31. 1847. 

* L c. 31. 56B, 1084, X090. * 1. c. 223. 26220. 
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only ordinary glucose, i. e. cZ-glucose, is capable of fermenta- 
tion, but not its antipode, Z-glucose, so that the latter may 
be prepared from the inactive ^-glucose by fermentation, 
we have a good picture of what is so far known with 
regard to this subject. The mode of action of the enzyme 
is still completely unknown; it may be mentioned, however, 
that in some cases (conversion of maltose into glucose the 
process is reversible, the possibility resting on fine details 
of constitution 

2. Single Carbon Linkages and Compounds with more 
than one Asymmetric Carbon Atom, 

The principle of free rotation. Whilst so far we have 
dealt practically only with simple asymmetry, in compounds 
of the type 

we have now to turn to single linkages between several 
carbon atoms and the appearance of multiple asymmetry. 

It is a consequence of the fundamental conception of 
stereochemistry that in such single linkage one carbon 
atom lies at one of the angles of the 
tetrahedron, at whose other angles are 
the three groups combined with the 
\ / other carbon atom; this is shown in 

\ c/ / Fig. 23. The line joining the two carbon 
atoms is thus fixed, leaving the three 
/ qW attached groups capable of rotation 

/ about it. Different positions of these 

— -^Pv5 groups causes an isomerism that has 
Fig. 123. so far only been observed in rare cases, 

and perhaps not certainly there Thus 
the mutual action of the groups attached to the carbon 
atoms seems in general to determine a single (preferential) 
relative position, corresponding to the only known, actually 

^ Hill, Jmm. Chem. Soc. Trans. 1898, 634. 

^ Fischer, Bedeutung der Stereochemie fur die Physiologie; Zeitschr. f. Phys. 
Chem. 1898, p. 60. 

® Aberson, Die Apfelsdure der CrassulaceSn ; Berl. Ber. 31. 1432. 
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prepariMl coiuiKmiuL This position tna,y lie chosen so that 
tlu‘ six <j:n)ups comhiiuMl with the two carbon atoms lie 
opposiit‘ om‘ anotlun' in pairs, as in Fi^. 

Xu tuliVi' i[f immvn^ hi ‘iiiiiUip/e asyni/inetn/. From the 
stan(I[)oini thus adopted tlie mnnbm* of isomers is only 
in(*n‘as(‘d by single linkage with a second carbon atom 
wlu‘n a n(‘W asymnu'tric^ ^ronpin^ is so introduced, as e. 
in a compoiuul of tlu^ fj^iaieral type, 

TIu^ numbm* of isomtn*s in this case Is two on account of the 
one carbon atom, and isdoubl(‘d by tlui presence of the other, 
consetpumtly four. In tlu^ same way, if ii such carbon atoms 
unite tlu‘. numb(*r iHM'onass 

The arran^tmnmt mid In^haviour of these isomers may, 
in tlu‘ (‘ns(‘ of tavo asymmetric* carbon atoms, be made clear 
by tlu^ use of Kt‘kub‘s wire modtd, a-nd may be repn^sentiMl 
on a plane; by appropriah* projtadrion. Taking for that 
purposi* Fi|j;. 2 5 as siari ine^-point, It^, and lit* on the 

plant* of tin* tliajjjram ; ih(*n U.j may bt^ brought into it by 
rotation upwartls, about an axis passing throuj^i^h Ro,a-nd 
by rtitation down wan Is about an axis passing through 
lij R,v We thus get tlm substance n‘pn*sented by tlie 
formula No. i Following, and the thret* isomers are 
•Nos. 2, 3, ami 4 : 


N(k t 

JS'ti. u 

jNV«. 3 

Xft, 4 

ii. 

It, 

It, 

It, 


u.,,( ;r, 

R,(,nt, 

r,,(;r, 


K^C-IL 

KS'K 

it;c;R, 


15., 

R., 

R„ 


It npptairs from this uuHltMjf r(‘pres(‘ntati<)ti that the Four 
iHomerH are nrrangisl in pairs 2 and 3, 1 and 4, ea(‘h group 
ineluding two eonfigurations behaving as o|)posite retbicted 
imagf‘H, and are. thus tlu^ ttxpn^ssiou of optical antipodes 
like* that oecair with a singh*. asymnudric*. carbon atom. 

This beliavitmr is still iikh-i*. easily un<lt*rstuod by com 
Hidering the optical rotation dm? to each carbon atom 
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Kcparatcly, wliich wo may writts A and B, — A and —B. 
The rotationH then are : 

N(K i Nth a Ko. 3 jV’V). 4 

A + .B --A+B A -(-/! + n) ^A 

=.^{A+B). 

'^1 lu\s(‘ )il itic's (‘usily hy ('‘onihininjLlj^ mi 

aci<l and i‘aeli of \vhi<‘h oecnirs in two ojyposito active 
mnditi(*atious, such as hictic aci<l a.n<l (‘oniiiu^. The four 
possihh‘ salts tluui art^: 

No. t Xo. a So. 3 .Vo. 4 

/t + /i A 4 B A B -^A^ 11 

•/•runiiiU' / Inrtii" nfi«L ‘/-tnnijim’ Mnct it* acKl. /-('(miinc 

As an exainpl(‘ of this fourfold isoninrisin in a, sin^h* body 
the dihromocinnanuc acids may Im» (*hosen : 

(.\,H,Cdnhddm>>r(^()()H, 

Tln^ two asymmetric carhon aioms an* distiti|.(uished hy 
und<‘rliuin^. It is well known that- Lielu^rmnnn succtsMled 
in ohiainiujj; from cinnami(‘ acdd, ( \| I dl ( d I ( ’()( )1 1, hy 
addition of hromim** an imudisi* mixiiu'e t»r rats'inic* c<an ' 
jH)Und which coidd he split up int<» the pair of the tme type, 
’'riie other pair was obtained in a sindlnr way from alio- 
cinnamic^ n(‘i«I, which is isomeric with cinnnmi(‘ a<‘id. 

1 uuBf'rain tijpv, A sepnratt* disciission is 

requinsl fur tin* case, %vhit*h may iu* re^ardetl as a. spt*cial 
cam^ of the above, in whudi ilie abmis ur ^’nmpH attached t»» 
tlu3 two carlam atoms arc similar in pairs, i,e. 

Ej = K^, E^ := !{,, E3 ... E^^. 

as in tartaric acid, 

C(K)HOH()H<dMHI(! 0 ()H, 

in wliich 

= l\ = H, E^ = E^ OIE E, = E,, = (,:CK)I!. 

Thf3 four former Byinkils tlien bectane : 

IV E, E., E^., 

RiClV Ejldl, liJAL 

EjCE.^ EiOE. HAJE: Ejidt, 

li, it, \ ‘ltd 
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The rotations eeri'e^ponding are: 

•V'>. X *V.MS 3 4; 

A — “ A = O — . ^>1 // r= 2 A ”h -ifl == + 3-A — j 4. + -d. = O J 

since in No. x t!u‘ groups round the two carbon atoms are 
rt 4 l<H‘tt‘d iniiigt‘s of i‘aeh otlun', and therefore produce equal 
notations, but in opposib^ stnises. There arises, therefore, 
an inaetiv(^ caj)able of decomposition, 

Ntw. i an<l 4, which, howt‘Vt‘r, is nqu'csented by only 
a singli^ substan(M\ sinct^ 1 and 4 can be made to coincide 
by rotatum, and, ilnan^forc, symbolize, one and the same 
substanct*. d'lu* facts as to tartaric aci<l completely verify 
tin* expectation, for wt*. havir. 

No. a and No. ‘p ’“Hn^ two a.ctive tartaric acids, together 
with racemic acid, tlanr compound. 

No. i or No, 4. Inactive tind(‘composabIc tartaric acid. 

Svtrrul (tsyiii ffifi ri(' ntriioa In this casi^, it is an 

advantage tu instead of K(‘kule’s m(‘,talli<‘. mode,l, that 
of Frietlliinder, in which each carbon t(‘ train Miron is 
reprcHcnted l>y four rulibm* tubes iuuUmI in tln^ cumtre, 
whilst littlt* sticks (d' wood insertiMl in thi^ tulx^s rmider 
poMsibh^ mutual connt'xions, or smwa^ to indicate the 
aiiaihtMl atoms or groups by means of colour(‘d balls on 
the emls. The carbon atoms joined togethei', giving 
a HubHianci!! of tlm gcmeral formula, 

(/((///c), 6'(dc), a{f<M 

an^ exj»reSHibh% according to Fischers suggestion, liy bend- 
ing c ujuvards about the axis ah^ and h downwards about 
axis fy, Kviuything is then in one phine, and can ho 
shown upcHi pa|)er. Tim a** = 8 possibilities for the 
c‘iiH4^s of tri|de asymmetry are then as follows : — 


Nti'i. I 

a 

3 

4 

5 

6 

7 

8 

r 

e 

c 

C 

(', 

c 


C 

a Oh 

ndh 

aCh 

aOb 

hO(t 

hCa 

hCa 

hOa 

<t(Ui 

dCe 

vCd 

eOd 

dCe 

dCe 

eCd 

eCd 

.m/ 

//O' 

/('a 

d(if 

Fd! 

<jOf 

fO;j 

gOf 

h 

h 

h 

h 

h 

h 

h 

h 
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There arise therefore four types, each including a pair of 
antipodes : 

h 8 a, 7 3, 6 4, 5 . 

As an example we may take the pentoses 
CH20H(CH0H)3C0H, 
and considering only the types, we have 


CH2OH 


Nos. (i, 8) (3, 7) 

HCOH HCOH 
HCOH HCOH 
HCOH HOCH 


(3, 6) (4, 5) 

HCOH HCOH 
HOCH HOCH 
HCOH HOCH 


COH 


Actually these four tj'pes are found, in arahinose, rihose, 
xylose, and lyxose, of which arahinose is known in the two 
oppositely active forms, while of the other three types one 
antipode of each is wanting. 

A definite choice of one of the four formulae, say for 
arahinose, may now be made on the following two 
grounds : — 

1. Arahinose is oxydized to a glutaidc acid, 

COOH(CHOH).,COOH, 

which is active. In this way the possibilities Nos. (i, 8), 
and Nos. (3, 6) are excluded, since they would lead to 
a glutaric acid with symmetrical configuration, and there- 
fore of the inactive undecomposahle type. 

2. Glucose and mannose are formed from arahinose by 
replacing the group 

COH 
with HCOH 
COH, 


two isomers of the formula CH2 0H(CH0H}4^C0H being 
produced; first, according to Edliani and Fischer, hydro- 
cyanic acid is added, the nitril produced converted into 
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livlil, luid tht‘ acid into aI(U‘hy<le. These two isomers, 
glucost‘ and nuuuu)S(% an‘. converted hy oxydation into 
saccharic aiul mannosaccharic acids, with the fonnnla 
((d!( which are active, a fact only 

compatihle with type. 2, 7 which leads to the bodies 


COOH 

COOII 

IICOH 

HtX)H 

IIOCH 

llCOH 
MCOII 
““ liOCH 

IIOCll 

IICOH 

(X )()H 

COOH 

, 5 woultl leml to tlu‘se : 

(X)()H 

COOH 

HCX)H 

IHX)H 

HOt’H 

IKH'U 

IIOCH 

IIOOH 

UOCH 

IICOH 

(X H)n 

CX)OH 


uf wliich the latter is symmetrical, and helon{j;H to the class 
of inactive undecompt)sal)h^ modilications. 

Whilst tln^ndbrit the coidi^mnilion may, reasoning from 
tin* mH‘eHsnry symnndry of the inactive undecomposable 
type, he traced out into (hd-ail, it remains undecided which 
(»r t!u» tw<i enantiumorpldc forms 2 and 7 is to l)0 identified 
witli a givim arabinosc. 

3 7 

CH,OH 

l ieoH IKK 'l l 

UCKJH HOOH 

Hoeil HtJOH 

tX)H COH 


3. IhnUdt; Lrnkiuje and liiwj Fm-mation. 

Carhin, diiuhlv Ihikufjr. may lio rcipinwiiiti'd gi'aphically 
liy a pair of f i.traht.tlru, as in Fi}'. which arci so coiuiocted 
as to use up two bonds on each side. The othei’ lour then 
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lie in a plam\ anti i\w nf a tnmijKnnul, 

in expivHHihlr hy ihv furuiula 
a(T idCh 

II p 

ii\l AUr 

which Hhows at iht^ saint* tiint* that.. tht*rc an* iwtt iinsHihiU-^.. 
ti(‘H, anti that \vlu‘ihcr tin* twtt attanH ttr ^n*nnp,H ah 
cnanhiiuMl with ciirlHiu an* tltt^ sann* im tir 
tlitlhnait fnan rj. It is wi*!l kiaiwn that 
in this ca.st* alsn istimtaaHin is fHUud. nii<l 
wc may discuss this itatn* fully hy crm- 
sithunuji^ fumarit* lual niiih*it* acid. Tlicst* 
twtt ncitis art* cxpn*Hsihlc hy the IVtrnnilac 

(JOOHi'II (HHIIICH 

11 and 11 

CiHmvn Hch'ooii 

anti corn‘Hpuud in their hchaviour fts what 
luifijht he t*Kpt*eted fnnn the tiitrenaus* l»t*tw«*en tht*se c«at 
iie;n rations. 

In tin* first place, we are tleallni^ with an iHiauiunstii uf 
c(Uite a didcreni kind to that title ttt a sineh* iisyniincfric 
carlKui atom, formulae are Hymnitdrieat, imd so there 

is no optical aedivity ami enantitinmrjihisin of .crystalline 
form to he expectetl; hut, on the oi!n*r hiimh we* nittHt imt 
(‘Xpeet the exact agrcmnmii in pn»jiertif^H--^s|ifH.nfic |^o*avity, 
melting point, &c.— -wliich is prtHlucetl hy the iigreeitieiit 
in internal structure wdnui isttiiieriHiti is due to iin 
asymmetric earkm atom. If we follow* out the ditrereitces 
further, wot find them in wry gootl accsml with the 
conception of tlieir internal Htruciure iirri%*ed at. In the 
first place, one of the acitls, maltdc, gives an iiiihytlritle 
very easily: 11(1- (lO 

11 >() 

Hu~e 

which ia in ammlanee with the proximity of tie* two 
(“arlK)xyl groups iii the formula, hi the Mceomi place, this 
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saiiu' acitl Is the sti-oiifrt'r, as mijrht he expected from the 
iutlueiiee fX(‘rti‘d hy tli(‘ oKyfrm of either carhoxyl on the 
iitln'r carhoxyl f^ruup, which is close, to it. The dissociation 
con.stnnts, which an' closi'ly related to the strength of an 
acid (Part I, p. I37)> n'spi'ctively ^ 

A' M „/. = 1-17, A' = 0-093. 

'Phirdly, the acid .salt of maleic acitl is weaker than that 
of fuiiiaric *, ju.st hccau.st' in the ions of these salts, 

lit '(!()() IICCOO 

HCXlOOM COOllCH 


the negat i VC <-harge opposes furthia* di.s.soeiation, and docs so 
niori- strongly in maleic acid, as heing lusircr. The fpiantity 
ilissoci.ntcil, found hy tneans of the ratt; of inversion, is 


r 

lu'ss. tVtdf ir Acitl 

Dhis, Finnnrir. Acid 



0-93^ 7o 

tuH 

<>■55 


a 56 


a'74 


Finally the ahovt* fornnilatt an* ctaifirmc.d hy tin', results 
of oxyilation in atpietais sttluthm. Permanganate gives 
with maleltt aeiil, on taking up hytlroxyl, inactive undecom- 
po.suhti* tartnrit! acid, ns is to he expected : 


ifdcoon 

II 

IKJCOOII 


OH 

HCCOOH 

gives H0C0()1£ 

OH 


whilst fumaric, acid gives, under the same circumstances, 
racemic acitl : 


HCXJOOH 

11 

(XK)HOH 


COOHCH 

or II 

HCCOOH 


gives 


OH 


HCCOOH 


COOHCH 

OH 


and 


OH. 

COOHCH 

HCCOOH 


OH 


> ZeitKhr.f. rhys. C'/mm. 3. 380. 


“ 1. 0. 35. a4r* 
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Ring formation. Finally we may consider the leading 
conclusion of stereochemistry as applied to the formation 
of rings, and in particular to the case of trimethylene 
dicarboxylic acid, 

H^C— HCCOOH 

\/ 

HCCOOH. 


Representing such a ring in the following way : 



with the six attached groups at i to 6, there are these 
possibilities : 



Formula i represents a symmetrical, and therefore inactive 
form ; Nos. (i and 3 a pair of asymmetrical images, 
consequently active. Actually two inactive isomers are 
known, of which perhaps one is the unseparated mixture 
or racemic compound of Nos. 2 and 3. 

4. Stereochemistry of other Elements, 

The spatial considerations applied with so much success 
to the carbon compounds may be extended to compounds of 
other elements. We will here only mention what refers to 
nitrogenous bodies. 

First must be considered the possibility of separation 
into optical antipodes, suggested by Le Bel in the case of 
isobutylpropylethylmethylammonium chloride : unfortu- 
nately the researches on this point are only fragmentary, 
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HU«1 it is at inua^rtaiti il ilu*' obKorvcd activity is to 

l»t' asrrilird tu an nctivt* atumoiiium cliloridc. 

t hi tin* tiihvr hand, isomorism in hoilies of the type 

Mm 

II 

N 

Y 


is lully eHtaldishiHl, hoih in the aeetoxiuies which arc 
dt*rived from an nHymnu‘trical k<‘toue, i. e. 

Am C,H,0C,H,C1 

Il Hutdi as ^ 

CHI OH 


and in the nldoximes wlucdi eorn'Hponti to tlio special case 
H = 11, a simplt^ t'xaniph* heln^ acetaldoxime : 


nee d I, 

II 

NOIL 

The two isoimn'H ilaw arising ar(‘ inactive, hut diller 
jdiysicatly tike tirdinary isomers, and cdiemically, amonf^at 
tifher ways in that one compound easily gives off watex' 
with fmmiat ion of a niiril, \vhi<di may he mipjiosed duo to 
proximity of the hydroxyl to liydrogian Tlui structural 
dillerems* is thmadon* to ho exproHstal by tlui formulae 

IfCXJH, HCCIl, 

11 and II 

HON NOII 

which reeitll those of fumaric an<l mahde acid, 

( Voo'/miia// rmiaric o//. Htmroc/icviidnf. As in deter- 
miiting eoimtitutiouH in the earlier cases intramolecvdar 
displacement of the atoms may lead to wrong conclusions, 
making it desiralde for a satisfactory determination to 
have twt) lines of argumcmt, so in tlu^ more tnxaet deter- 
mination of eontiguration in stereocliemistry the same 
thing must iwame in mind. Such direct changes have 
indeed often been o!-worvod within the region of etcreo- 
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chemistry, e. g. the active bromosnccinic esters gradually 
lose their power of rotation, by becoming converted into 
a mixture or compound of the optical antipodes^. ThiB 
phenomenon is one especially noticed in halogen, and chiefly 
in bromine compounds, and probably explains why reaction.^ 
carried out on such compounds have often given quite 
unexpected results ; one of the most remarkable instances 
is that active bromosnccinic acid gives one malic acid with 
alkalies, but with silver oxide the optical antipode At 
present, therefore, these halogen compounds should, as far 
as possible, be excluded from determinations of constitution 
in this province. 


§ 3. Tautomekism. 

The phenomenon of tautomerism is that a compound 
shows an apparently different constitution according to the 
reagent that acts on it. This has been observed, e. g,, in 
aceto-acetic ether, C2H3OCH2OO2C2H5, and led to two 
constitutional formulae, one proposed by Frankland, 

H3CCOCH2CO2C2H,, 

and the other supported by Geuther, 

H3CC(0H) = CHCO2C2H5. 

The first formula is based, inter alia, on the fact that 
with potash a decomposition takes place with formation of 
acetone, 

H3CCOCH3. 

The second is in accord with the formation inter alia of tlie 
body : 

H3CC = CHCO2O2H5 

by the action of diethylamine, HN (02115)2. 

The explanation of this peculiar behaviour was sought 

^ Walden, B&rl. Ber, 31. 1416, 


2 1. c. 
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furl.y Liar* in a iiunfiuautof the hydrogen atom, indicated 
in the iullowing .symiK>l: 

0 t 

It liii^ cti “ that taiitomcrism corre- 

Hjii.utls tfi n mixture twu i.souuTM lu chtmiieal equilibrium. 
FuiiiliiiiN'ufally thene twu ouneeptiuuH a^mm, only tlie first 
in the muIt*inilnr»mtH‘hHaic‘n! view of the fact formulated in 
the laittux We will t!ien*fure recount the facts on which 
the fiuiuulntiun is bastHl. 

In the firni |)laet* the HUppostMl iaomerimu has been 
a!wervi*il in eertuin caseH in closely allied bodies. Wilhelm 
WinliernuH uhHt*rvt‘d this, in formylphenylaeotic ether, 
which is very similar to Het‘to-act*tic etlier. Obtained from 
ethyl formate and phcatyl-acidah;: 

licHKiui, I (■ Hcoa(C,ig 

Hao,aH,+c,ii 50 H, 

the hudy in tpieslion IndiaveH as if containing hydroxyl: 

e. g. it given an lylditlun pnaluct with phonyl-cyanate, 
ClOXl\ On melting (indtdinitely between 60^ and 70'') 
an alteration sets in ; solidification does not take place, and 
th«^ Htslmtanee, now liquul at ordinary temperatures, retains 
imlcisl the same niolecnilar weight, hut colours with ferric 
efi!oritti% and heliaves like an aldehyde. This modification 
is kiicavtt m the * aldoddrm ' (the former as 'end- and is 
reprttHeittisi by the formula 

HOOCH (C,H,)C(),C,H5. 

11 a* reconversion Ik accomi^Hshed by potassium carbonate, 
in wdiicli tlie Holid conipinmd at once dissolves, but the 

* ibrl, !kr. i8. 64B, 19. 730. 

* S. *Vtimhi\ I (!. 39, 1715. 

* 1. e. siS. 767 ; Quthzeit, 1, ^753* 
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liquid only slowly and with transformation into the other ; 
on treatment with acid and shaking out with ether the 
enol-form is recovered. It may be added that the two 
formulae might be confirmed by the fact that the first 
compound should exist in two isomeric states, like fumaric 
and maleic acids : 

HCOH HOCH 

II and II 

C.HgOCO.C.H^ C.H.CCO^C.Hs, 

while the second, containing an asymmetric carbon atom, 
should split into two optical antipodes. 

As a second item towards the explanation of the be- 
haviour of tautomeric compounds, Kuster’s^ proof should 
be mentioned that a mixture in chemical equilibrium can 
actually be obtained by means of partial transformation. 
The body considered was hexachlorketopentane, CgClgO, 
which is obtainable in two isomers, distinguished as jB- and 
y-compounds, with the probable constitutional formulae : 


Cl Clo 



CI2 CI2 


Actually the ^S-compound is distinguished by forming with 
aniline in alcoholic solution a slightly soluble anilide, 
which is made use of to determine the proportions of the 
mixture. 

On heating, each isomer suffers a transformation leading 
to a mixture in chemical equilibrium that shows all the 
characteristics of a tautomeric compound. The formation 
of this mixture was followed out at 210*5°. Measured 
amounts of ^S-pentane were heated for a measured time (0, 
and after sudden cooling the fraction (x) converted into 


^ Zeiischr.f, Phys. Chem, i8. i6i. 



TAUTOMERISM 


125 


y“P(^!itaiu^ detenuiiied The followinjr table contains the 
result H 


Jn hitura) 

T 

- pOg(l- 3.591 j:) 

0 

0 

— 

X 


0.0551 

a 

0*1 14 

0.0507 

5 

OU73 

0-0516 

6 

oao6 

0.0553 

a 

0.^55 

0-0566 

IS 

0.304 

0.0561 

iB 

0 - 35^5 

0.0588 


o.;)H7 



0.386 

— 


Thi‘ iinnl (junutity 0*386 of y-jnuitane wan practically the 
sutiH* ns tlu^ 0';5H7 left on laaiiin^ pure y-pcntanc for 
Hixtceu hours at and ilu*. eourst^ of the reaction 

eorreNpoiuls to the ispintiun that may bo expected in sxxch 
a t rnnsfornmiion : 

i-{. 

that is, t\vt» unimolfculnr protusSHxis goin^ iu opposite senses. 
In tho hnul ciautltion 


k^k = X-59I, 

/.•(i~a-5yi a:), 



,u 

lit '' 

ss 0» HO 

and hince 

w = 

X 

6 

HO that 





ill 

whenet^ 




itiii.Ht 1h( cutistaiii, us tlui tliird culuiiiu ol tho ubovc tiiblc 

shows. 

It iniiv b«* atlfh'tl that Walden ol)serv(‘d the same state of 
e«|ui!ibritnn hei\ve**n two iscaners in the spontiiueous foriua- 
tiiiiitd' ri'ii''i‘tnates, A(*tivi* hroiuosuceinic (‘tliyl csteijO. g., 
griidiudiy loses its activity hy transluxiuatiou into a ixiixtino 

l 
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or compound of the optical isomers. The equation to the 
change is simplified on account of the similarity of the two 
opposing reactions, for 

h = 


whence 

dtXj If \ 


Finally the behaviour of aceto-acetic ether, apparently due 
to mutual transformation at ordinary temperatures, is most 
peculiar. The phenomenon has been accurately studied, 
especially by E. Schiff b He concluded, on the ground of 
the formation of the two isomers, 

H3CCOCHCO2C2H5 H3CCOH = CCO^C.H^ 

I and I 

CeHsOHNHCeHs C.HsCHNHCoH, 

Melting point 78^ Melting point 103° 

with the aid of benzaniline, 

CeH.CH = NC.H^, 

that aceto-acetic ether is a mixture of two isomers : 

H 3 CCOCH 2 CO 2 C 2 H 5 and H 3 CCOH = CHCO^C.H^, 

i. e. the keto- and enol-forms respectively. This view was 
confirmed by the fact that diflferent preparations did not 
yield the isomeric benzaniline derivatives in the same:^ 
proportion; one obtained from Kahlbaum giving the pure 
enol-form, another from Marquardt giving a mixture. 

The measurements of Traube^ point to the same con- 
clusion, indicating a slow change in the density : 


1-02443 15 minutes after distillation. 

1-02467 20 hours later. 


This went hand in hand with a change in the behaviour 


^ Ber. 31. 603. 

2 1. c. 29. 1715. See especially also Schaum, 1 . c. 31. 1964. 
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fowartlH ferric* ehloridc*. The pheuoiuenon wan move wtrikiu^r 
iu etliyl ulc‘t>lu4i(‘ solution: 

o.H5f>ot) after 10 niimitii'H. 

lilumiu 

<^H(K)7a „ 1*0 „ 

o-llooaa „ 8 (lavH, 

In c*hlorotc»rm this was not ohsm’vetl: 

** 4^‘”^77 afn^r 10 mimitos. 

I*4*ja73 jy 4 hourH. 

It in c|U(‘Ht ionahli*, howevt'r, whetlua* in alcoholic solution 

the |n’cH*c*HH 
«li«l not oec'ur* 

Whilst, thereioin*, the* lat(‘st infotanatlon ))oints to a 
tnutonu*rie ecanpoiUHl luhn^^ a. inixiurt* in (^((uilil>riuin t>[* 
Uvo isomers, it may he* rtmiarkcMl * tluit suc*h a pluaionuaion 
is otily |H>ssihle in a liqtfnl or solution, in tin* solid stale* 
*»ne or other c*<an|Hmnd must he* ilu* siahh‘. Ton n, and tin* 
two ean only (‘o»‘xist at tin* transition t(*mia*ratur(‘. Lic|uid 
or eiissolved, li(OVc*Vi*i% the condition of ecjuillhrium is 
siihjec*t to orndua! dis{>la(*«*m(*nt with tc^mperature, so that 
a mixture in ccpnlibrium is possihh^ over a considerable 
interval of tempcn*aturt\ In |j;t*ni‘rah therefon*, a solution 
of a pair of iHonn*rH ntair the truJisition point would b(‘hav(* 
IIS tautomeric*. 

Here wc* may add tin* rc*mark that the pln*nommu>n of 
tautomerism, likc^ any othm* dep(*ndin^ on atomic move- 
iiteiiis, must vanish at tin* aTsolutc^ zero. This, hovvt*ver, 
is only in aec’ordaiHH* with the*, known fact that tauionu‘rism 
does not oeettr in the solid state. I^on^ before the absolute 
Zero 111 ! tautomeric compounds would btjcome solid. 


* Knurr, Ikti. lUi\ 30,2389. 


III. MOLECULAR GROUPING 

{PolymoTpliimi) 

Whilst polymerism is explained as difference in molecular 
weight, and isomerism in molecular structures, there remains 
a third difference in properties to account for, which is 
characterized by the fact that it disappears on conversion 
into the amorphous, i. e. liquid or gaseous state, conse- 
quently on fusion, evaporation, or solution. As example 
may be mentioned the rhombic and monosymmetric forms 
of sulphur, with regard to which it has lately been shown ^ 
that they form the same molecules Sg on going into 
solution ; along with these are to be placed the various 
crystallized modifications of ammonium nitrate, &c., studied 
by Lehmann ; and finally the numerous polymorphic 
minerals, such as calcite and aragonite. 

It is natural to refer these differences to variation in 
molecular grouping, since when the grouping ceases and 
the substance passes into the amorphous state, the differ- 
ences vanish. For that reason polymorphism is most 
analogous to the physical change of state on melting or 
freezing; it is well known that a molecular orientation 
is then destroyed or created, whilst in a polymorphic 
transition one orientation appears at the expense of another. 
And so, if we are to distinguish between physical and 
chemical isomerism, it is convenient to regard polymorphism 
as physical isomerism, and polymerism and isomerism as 
chemical, since they in common rest on a change within 

^ Aronstein and Meihuizen (see p. 6o). 
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the molecuh'. allotropy may tluai ho rotaiiuMl 

for tlie pheiionH^iu of isomc'rwm in tlu‘ (‘UaiuaitH, wlu^ther 
they are to 1 k‘ charaottn-i/.od an polyniorism, like ozone (O^) 
and oxygen (<h^,).or polymorpliLsm, lik(‘ rhomhic and mono- 
syininetric sulphur. 

Tlie general riunark may he add(‘<I that, hh was explaiiUMl 
earlier (p. Ha), the plienonuma of polymmasm and iHoinerism 
are rare in tin* iuorganie |)rovinee, aiul ilit^ differeneeH 
accoinpanyirij:^ Hitiiilurity ul' eompoHition then^ met with 
are abuost cnitirely to lu‘ rtdVrred to polynHnd.sm, It is 
reinarkahlc that the ttaundiy with whieh organic com- 
pounds retain a nioliaadar strmdun* which is, mnandhch'SH, 
not that of cm juilihrium, a prop(‘rty mostly wanting in 
inorganic compounds, is rephnnMl ly bmaeious retention 
of niolecmlar grtaiping, d\v<^ points of view an', advan- 
tawous for <*oniph‘ie treatimmt. First, wt^ will bring 
forward tlu^ laws td' transition in polymorphie suhstanca's. 
Secondly, wt' iniiy diseuss ilu' details of molecular grou])ing. 

§ I. Laws ukoui.atino thk Mutcal (Jonykhbion of 
Ihu.YMOUrinc^ SnnHTANCKH. 

These laws may lHMleduct!d from the two facts that tlie 
polyrnorpliic Huhstances are solids of similar composition, 
and tliat on paHsing over into vaj)our, solution, or tlu^ 
fused state, tint di!ler(*nce ladween thc5 two moditications 
disappears. 

We liav(% how«n*er, in the follt>wing discussion, to hear 
in mind tint eomliiions of cH[nilihrium, that nuiitial con- 
version of the two modifieiitionH, eHj)eeially in tlu'. ease' of 
polyrnorpluc iuint*rnlH, stich as cahdie and aragonib*, does 
not occur; we Iiave, tht*n*fore, to d(‘al, in <me of the two 
cases, with a. Htab* of apparent ecpiilihrium (Part I, p. 236) 
which is not destroyed even hy contact with tlic^ other 
modification, and is net to he ref(*rred to an extnnnely 
slow transition. It is natural to associate, this rigidity 
with the relativtdy great hardm^ss of the minerals. 
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Let us now put together the chief results with regard 
to mutual conversion ; these refer firstly to cases of poly- 
morphism in which a conversion takes place slowly in one 
direction or the other, due to contact with the other modi- 
fication, In these cases we may clearly describe one 
modification as stable, the other as meta-stable. 

A. The Stable Modification must have the Smaller 
Vapour Pressure and the Smaller Solubility- 

The necessity of this rule follows because only in this 
case would a change from the meta-stable to the stable 
phase necessarily occur by means of the vapour, or on 
contact with a solvent by means of it. If the reverse 
condition of solubility held, the transition would take 
place in the reverse direction on suitable application of 
a solvent; the direct conversion would then allow of a 
possible cyclic process that would be equivalent to a per- 
petual motion. A direct confirmation of the greater solu- 
bility of the meta-stable variety has been given in the 
case of magnesium- chloride octohydrateb of which the 
saturated solutions possess the following composition : — 

MgCla . SH^Oa (stable) MgClg . ii-43 HoO (-16 S°) 

MgCIa . SHoOiS (meta-stable) MgCL, . 11.04 H.^0 (-16.8=) 


B. The Stable Modification must have the Higher 
Melting Point. 

In Fig. the saturation pressure P of the two modi- 
fications I and II is represented as a function of the 
temperature, and I possessing the higher pressure is con- 
sequently the meta-stable phase. If now we draw a third 
curve, III, representing the vapour pressure of the liquid 
substance, the points of intersection, a and B, with I and II 
obviously represent the melting points of the two forms, 
and, as may be seen, a, the melting point of the ineta- 

1 Van ’t Hoff, Meyerhoffer, Zeiischr.f. PJiys. Chem. 27. 87. 
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,stuhli^ Umn^ vvtvvH to the lower temperature. Thus, 
iHUizuphrnonc* in the stable Form melts at 48° in the 

metii-stahle at 


C. rossibility of a Transition Temperature. 

A-s ill all ecaalmiHe«l Hystems, it a transition takes place 
between iH»lymorphie moditicatiuns it must he carried out 
eoinjileitdy at om* ietii|H*ratur('. 

Tilt* direeiitai in which it takes 
place may, lanviwau’, di'pcmd 
uu temperature, ns may ht‘ 
seen l‘r<mi the vaptmr pressure' 

<mrv«‘H. If tht‘ curviss I and 
11 fur the two modifications 
show a, jH>iut* of intersection 
A |Ki;^ then helow tin' 

temperat urc r\ ('orrcHpontrmjj; 
to it tlu' luoditication to 
whh’h II refers will l>e fornu'cl 
from the ttiher: above that tmnperature the state o( 
thin|i:M is riwt'rsed, and eonHtHjuently on passing that point 




a total conversion takiss placas as is the case Avith 

ihnmi.H- H\U|ihnr nt. wlu'u it is converted into mono- 

^vmIm•tri(•. L<‘lnnaim lias proiioscd to call phases sxich 
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as those of sulpliur, for which there is a transition tem- 
perature, enantiotropic ; the others, for which the reaction- 
will go in one sense only, such as benzoplienone, mono- 
tropic. The latter phenomenon may ol)vio\isly result from 
the transition point lying above the melting points of 
both modifications; thus Fig. represents enantiotropy, 
Fig. 25 monotropy; in each figure cxxrves I and II refer 
to the vapour pressure of the two solid phases, 111 to that 
of the liquid. 

D. When there is a Transition Temperature, the Modi- 
fication stable at Low Temperatures is formed fk*om 
the other with Evolution of Heat. 

« The relations of vapour pressure, as sliown in Fig. 26, 
give this conclusion at once, with the aid of the s(‘.(!on(l law, 
in the form 

jrn 

Here V is the increase o£ volume on evaporation, i. o. prac- 
tically the volume of the vapour; at tlio tran.sition point 
this is the same for the two modificatiouH, since tlu^y have 
the same vapour pressure. Further, as the figure shows : 

dP„ > dl\, 

where II is the modification stable at low temperatures ; 
therefore 

qn > q, or - q, = It 

is positive. 

But now, since q„ and q^ are the latent heats of (svapo- 
ration of the stable and meta-stable forms respectivc-ly, 
5ii — q, is the heat evolved on fonuation of tlui fonixir 
from the latter ; consequently the form stahhi at low tem- 
peratures is produced from the otlier with (wolufcion 
of heat. 

This law is very well illustrated by the researches of 
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niid Unmaiu’st* on amuioiiiuiu uitrato\ This snb- 
stiini’o iVofZrs at i 68 ‘ in tlu^ ri‘n;ulnr systiaii ; heeonies 
rliumlrnliinlrir at with an evolution oT ii-(S 6 calories 
|it*r kilot^raiu ; at 8 ^- 5 ® hacomtss rhomhie, with an evolution 
t’lilorioH: and at 31 ** rluanhie with a <litrerent axial 
with iwoiution cd* 5*02 calories* 

E. Folyinorphic Modifications have a Constant Batio of 
SoiubililiOH, proportional to the DijDterential Co- 
olllaients of tho Saturation Pressures, in Solvents 
whitdi take tip so little of tho Substance, that the 
Laws of Dilute Solutions arc applicable. 

dliis relatinn fullowH fnim tht‘ e(iuatiuu (Part 1 , p. 36) 

e/h>-(/^ Q 

itT PH" 

wliieh unitrH tin* etnuH*nt niti(»n of th<* solution or vapour 
with tin* heat (J nhHt»rhe<l wh(*n out* kilo^rani-molccule is 
i|i?^M»!vetl nr evnpnrnted (witlamt <loin|4: external work). 

Fnr tin* two |H4ynn»rphie hodies we have 

r/lofxf ' _ Q, 


iiinl 

df " 

' at- 


d IokO, 

Q„ 

wfniHH* 

dT ~ 

•ir' 


./ ing (r, Q , n 

wdn*ri" U in the lieiii ol transition, 
lulei^ritlefl, tliis gives: 

^^riie cniistiint is givtai hy the tact that at the tiansition 


* L hmiiaa, MMidarphyutk^ p. 159 . 
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temperature P the concentrations < 7 , , arc equal, so that 


, Gu ['‘JidT 


Here, however, the second term is a quantity independent 
of tlie solvent, depending only on the lu'at of transition R, 
and wliicli, therefore, remains unaltered c‘ven if (t, On nd'm* 
to vapour, so tluit tlieir ratio is that of tln‘. saturation 
pressures. 

This law, which might easily he proved for, say, ealeih* 
and aragonite, or for th(^> sulplnir modific'ations, ndains 
a certain applicahility even to isomers mor<^ widt^ly 
separated, which do not Ihk'.ouu^ identical on solution, 
(''-arnelley and Thomas^ found for isonnn’ic* h(‘nz(n!(‘ 
derivatives (para- and meta-nitranilitie) tlu^ following two 
(nnpirical laws : — 

1. Of isomeric compounds, tlnit with tlu^ lowin' melting 
point has the greater solubility. 

2. The ratio of solubilities is independinit of thi‘ solvimt. 

The latter rule corresponds literally with our conclusion 

as applied to solutions, 'iriie foi’incn' equally (•on-esponds 
to tlie fact of liiglier vajxnir pri'ssure shown abovi^ to 
accompany lower melting point and greater solulfility. 

As is to he expected, however, thi^. rule thus found is not 
universal, since it does not apply to polymorphic hodiihs, 
and so Walker and Wood^ found, e. g. for ortho-, meta-, and 
para-oxybenzoic acid in water and benzene^ tlu‘. following 
solubilities 

Ortho 

Water .... 0-364 

Benzene . . . 0-97 


Mrta 

Para 

Ortho 

Mota 

Mpta 

Pttra 

1*337 

0.765 

0.197 

1.75 

0-0 1 a i 

0*0053 

80-a 

^•33 


§ 2. Actual Molkoui^ae Aiuianokments. 

The answ^er to the question as to molecular airangcuncmt 
involves two essentially distinct problems, one with regard 
to the relative position of molecule and molecule, the otluu’ 

^ Journ. Chem. Soc, Trans. 1888, p. 78a. '•* 1 . e. 1898, p. 618. 
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as to the orientation o£ the molecule in its surroundings. 
Let us take as a definite example the oxide of magnesium, 
periclase (MgO), whose molecules are to be thought of in 
a determinate arrangement, belonging to the regular 
system. Then we may ask whether the line joining an 
atom of magnesium and one of oxygen is parallel to one of 
the axes of the regular system, or perhaps corresponds to 
tlie direction of an octahedral edge, &c. 

The two problems are treated separately in what follows, 
as : 

A. Relative position of molecule centres in the crystalline 
figure. 

B. Orientation of the molecules in the crystal. 

A. Relative Position of Molecule Centres in the 
Crystalline Figure. 

I. The F'wndamental Lem of Geometrical Crydallograplfy^ 
(F. C. Neumann). 

Observation shows that normally grown crystals have 
the form of polyhedra, whose flat bounding faces cut each 
other at definite an- 
gles, while the area 
of the faces depends 
on accidental circum- 
stances. The crystal- 
line form of a body is 
therefore determined 
1 )y the angles, i. e. by 
the relative position 
of the faces by which 
it is bounded. With 
regard to this position, 

however, observation ^ ^3 

shows further that 

not every possibility is found, but that the form of 

^ Groth, Physikalische E 7 ystallographie, 3rd ed. Leipzig, 1894. 
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ii cryntiiUitu^ jK^lyluHlruii Idllows. tin* law iiHimlly kimwii ih 
the ‘ law of rntitiiml iinliri*s/ 

TIuh law ataites that any |4itii«* iit n f!-\\stnl 

luMlettniniiUHi hy ineann t»t Ittur j4iui*.'N, hm fliri*r m| wliirh 
are paralh*!: in what way hrsf *Hh»*\vii in Fi*^. .:8 
hy <lraAvin<^ thret^ ih* tln^ jtlanrH aUnut fin* {wnni «i. \ t/,, 
xov, YiVA, /.nx,nn<l tin* fnurih hh a lit*, t*t it tiff It 

plant*, say is euntiititaintl hy tin* fiwt that tin* rati* » 

oF the Ho-eallet! tn«!iers 

o\ ^ cn4 ^ 

tiA ’ ttn ’ Mr 

ean only In* hy whole iunuhi*rH, its 

/a : it : p--~ my ^ : j : ,i 

or can only lie raiionni. 

In (h>Henhin^ a erysialliut^ fon» iherehiri*, it i*-t .HUilieiiiif 
to jrive the an|j^leH niinlt* liy a snitahli* |4r»nip uf hair : 

ZOV ^ a, mx A* 
as axial an|;li*H, and tin* ratio 

OA : Oil : ot* n : h : r 

as axial distanta*s. s<i that the wlmle eryHial In iliiinni hy 
nieaiiH of five t*Ienients, 

2* Att-iUfipt fit Rj'pltt fttii am e/ iitt” tmnnrlrn'o/ hoie 
A rniiifjemrnt af Mahrulr |Friiiikrii!ii*iiin 

A very Himple tameeptioin prohaf»le iilm» un nihr-r 
to lie explainetl later, gives a jditiisihle iiiriiiiine fu iJir* 
above geoinetricml law. This eonsisiH in the leeaiinjitif m «»l‘ 
a ri‘gvdar arrangenient id' the erystitlliiie eeiilres. .htirlt thnt 
tfiey are alike and jiarallel thi**-aigliiint tin.* ery^anl, As 
pri^vii.aiHly tin* pOHition oF four non- jnirnllrl |i!iiiir“‘i .‘■milierd 
for the cnitire ntnieture, so here thr* ItfiMitiun *4 hair 
molecule c<‘ntreH, i, 2, 4 (Fig, not lying tm oin* plums 

The axial lUiglcH then ec3rres|itini| tu the liitgli's helwrrii 
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fi. lu nml I\ till* nxiiil flistaiUH's to iha h^ngths of a, h, and v. 

1 lii» rHiidifittii that tlu* nrnuigHiuatt round, t\g., point 4 

H'litfiild ,Htinilar nod pnmllrl (<> that ^ 

ruiitid I i-H .Hill isfiinl l»y r!uH»sing tho point *') 

ill li ilii’i-rtion iiud di-stinuH’ Frtini a paralltd /j / I 

iiiiii i*ijuiii ii* /x In till* Hann* way 6 , 7 , /^If I 

iiial H arr nrrivi’d at-, and ho an rhauiaitary | ^ j 

t*i»nijdrii‘d. 11 uh may thou i 

l*r dovi'toprd into it Togitlnr point Hysttan j / 

‘ hy i^\t*aiding tin* lino (t to an y' “i 

roiial r\lriit, t«» olitiiiu H uow point, and ^ 

, I ‘ Fig. 2 q. 

hit Ilia «stio!i an iirrnugfiuoni of mohnnile 

ooiitrr* would ri^iroduot* tln^ rt^latiouH of a eryatalline 

itguri* K 

If, n«»w , ilio iHnnidiiig fnooH of tla^ eryHial nn^ ])lanoH in 
wldrh inoliTuIr rmtroH nro contaiutMl, tiny may pass (dtlua* 
thi'otiidt -P J. 4 throiigli I, ' 4 , i\ or through, i, 2, 4 or 
ihruugh p »,4, With, any uthor 
rhoioo. ;MUrli n.H p ^-*5, 6, thr law 
of rational indiaivn ohviously 

liotd.'-s. hitivv riit'h imli'X ror- ■ ' / 

rr^^ioiah* to a row of jiointH jC' ^ ** \ .r 

■Hfiirliiio frniii 1 with a dt 4 initt.* t ^ 

tiiiiiil«‘r of HtiUiH linfwoiat thniu. I 't a--*''’"'**''! "'y 

» '^r 

IkLiliuii^i nj S^iiHlurtti/ j y ti Jf 


Fig. 30. 


atiil iVoin ilio iiltii\*n fundamtaital law ol gronu^trical 
i»r%''»^l.a!!ooriij-iliy lloHnn! and (hidolin dtHlurt'd all tin? 
iirltially iilorr\i*d ndatiiais. Wt‘ rnnnot givn tlm deduction 
In-ri* hi fii!P\ hut it may he hIiowu how tin? law (.>1 .ratioxial 

^ III Mill, I'l.. .sUilriOa- ixtfpihilltifjiitphiVy 3 nl tnl., 1 B 94 , p. 1148 . 

- iiati,. L r. i>. am 


/h 


Jug'll 1 

is li, erv-Htiil 

is not cap* 

ft! ill* of 

looaiiiiing 

any form, 

■Ml t!l»* 

ri'liitioliH of 

symmetry 

of f.ili*"‘« 

* loriitH lire 

rcHtricted, 
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indices restricts tlie posaibilitii^s of Hynui\t‘try. lu the first 
place, by reference to Fi^. we sch^ that tlun-e iuhhI be iio 
symmetry at all, in which case we have the nnsynmu‘tne 
(triclinic) system. 

One plane of symmetry may be pn^smit, but it is limited 
as to position; if e.g. it passt^s tlirou^di zox, tlum tlu‘ 
plane symmetrical to abo wouhl have rational itidiec‘s 
with respect to ox and oz, hut not in ^(nun'al with r(‘.s|H‘et 
to ov; it is therefore a suhsi<liary condition that, ov 
sliould be perpendicular to tlu^ plam^ of xoz. direst* an* 
the conditions for tlu^ non-synumd.ric sysbnn. 

One axis of symmetry may be pr<‘stmt, i. tx a line smdt 
that rotation about it tlirou^h an lUi^h* !t‘ss than ;?,6o 
In'ings the crystal Inb) a position idt‘nticai with its 
ori{j;inal position. If tlu^ axis occupies tln^ position 
07 , (Fig. the law of rational indi(H*s is satislit‘d win*!! 
XOY = 90"^ and OA =: on; such axt‘s an* tln*rt‘ror<‘, for the 
same reason, subjecbMl t.) cmdaiti conditions; tht*y can 
only be doubh*, trijdt*, tpiadruph*, or st‘xtupli*. i. t*. tin* ha’in 
may recover its original position on rotation t hnmgh iHo\ 
120°, 90°, or 60*^, i.(*. two, thret*, four, or six tinn*s in 
a circle. These are tln^ comlitions hn* tin*, rh<imbic, 
trigonal, tetragonah and lu‘xagonal systems. 

A tliird possibility is that tin*, crystal on ndaiion coinos 
into a position sytmnctrical to its original posithm; it 
is tlum said to have ati axis and plants of compouml 
symmetry. 

In this way, takitig into a(*count the law t>r rational 
indices, thirty-two class(‘H, (*xac.ily corresponding to the 
facts, ai’c arrived at; attd tht‘Hc are gnntped iti tlie st*Vfn 
crystalline systems 

1. Triclinic syskmu 

1. Holohedry, Example: calcium tltiostilpliate ({liS.,0., 

.6H/)). 

2. Hemihedry: one dotihhi axis and om^ plane of com 

pound symntetry at right angles to it. Example: ci-mono- 
strontium tartrate zlLp). 
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11. MuiKH'liuit* systrtn. 

I. Ht‘!ii!iiiorj4ty : i»!u‘ douhh' uxiK uf syuuuctry. Ex™ 

Hiiijilf* : fiiiH* (C \ .1 1.,„( )jj). 

z, Hiiiiihrdry : miv of symmetry. Example: 

pittiiHHiiim tetrathieiuatt' 

1 liilohetiry : (uie plnut* of symuH‘try and a double axis 
Ilf M iiiiuetry at ri^lit angles to ii Example: Hiilpimr (SJ. 

I i L Hhtimbie Hystiam 

I. Hemiliinlry : thna* tlimblt' axt‘s of .symmetry at right 
alights. Example: magnesium sulphatt‘ (MgS().j . 7JE{)). 

lleiiiimurpliy : tnu* tluulth* axis and two planes pavalU4 
fu 1| and at right nngli‘H to (auuinotlier. Example: struviti‘ 

f h*li4»edry : three planes of symimdry at right angh's, 
iiml liirt-e t!imt»le axes <4* symuu‘try at right angles. 
Example : ?mlphur (SJ. 

l\\ 'reirngitiial system (one (puidnijih^ axis). 

I. Splienoidie tetariolanlry : one plant' of eomptaiud 
symmetry at right angles to the tpuidruple axis. Not 
yet aetiiiilly oh:sf‘rVt‘d, 

1 . Ilemimtwphie hemilietlry. Example: wulfenite. 

(EhMoC VI. 

|, Splp*noidie hemiia*dry. As in elasH i ; in addition, 
t\vu double iixi‘s of symmt'try at right angh^stoone another 
ill th** plane of remipoitml symtm4ay, and two planes of 
syiiimetry %viiieh eut in tin' cpiadruplc^ axis and bisect the 
angles of the double itxeH. Example: 

4. 'rra|»e/,oh*'drif» InanihtMlry: four douhht axt'S in tlu^ 
plane at right augleH ii> the quadruple axis. Kxamph'. : 
iiit'ktd siilpluite | NiSCI| . bllA)). 

5i. Eyramidal hemiliedry: <me jdaue ol symmetry at 
riglit itiigles to thi' tjuadruph^- axis. Example: scheelite 

(k Hrmiiiiorphie htilolit'dry t four planes of symmetry 
riitiiiig fiiiotlii*r in tdm quailruple axis. Example: silver 

iliioride (AgE. 

Holohertry:^ in adilition to the above, four double 
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axes of symmetry and one plane of symmetry, all at right 
angles to the quadruple axis. Example : tinstone (Sn02). 

V. Trigonal system (triple axis of symmetry). 

1. Hemimorphic tetartohedry. Example: sodium per- 
iodate (NaI04.3H20). 

2 . Rhombohedric tetartohedry: the triple axis is also 
the sextuple axis of compound symmetry. Example: 
dioptase (CuHgSiOJ. 

3. Trapezohedric tetartohedry: three double axes in a 
plane at right angles to the triple axis. Example : quartz 
(SiO^). 

4. Bipyramidal tetartohedry: a plane of symmetry at 
right angles to the triple axis. Not yet actually observed. 

5. Hemimorphic hemihedry: three planes of symmetry, 
cutting one another in the triple axis. Example : tourmaline. 

6. Rhombohedric hemihedry: besides the foregoing, 
three double axes of symmetry in the plane at right angles 
to the triple axis. Example : corundum (AI2O3). 

7. Bipyramidal hemihedry: like No. 5, but in addition 
a plane of symmetry and six double axes of symmetry, 
all at right angles to the triple axis. Not yet actually 
observed. 

VI. Hexagonal system (sextuple axis of symmetry). 

1. Hemimorphic hemihedry. Example : nepheline 
(NajAlgSigOgJ. 

2. Trapezohedric hemihedry : six double axes in a plane 
at right angles to the sextuple axis. Example : antimonyl- 
baric tartrate -i- potassium nitrate ((C4H40(jSb0)2Ba . KNO3). 

3. Pyramidal hemihedry: one plane of symmetry at 
right angles to the sextuple axis. Example : chlorapatite 
(Ca,Cl(PO,)3). 

4. Hexagonal hemimorphy : six planes of symmetry 
cutting one another in the sextuple axis. Example : silver- 
iodide (Agl). 

5. Holohedry : like No. 4, but in addition one plane of sym- 
metry and six double axes of symmetry, all at right angles 
to the sextuple axis. Example ; beryl (Al^jBe^ (SiCaj^). 


SOimCKE^S POINT SYSTEMS 


145 


VIL Culueiil 

!. l\*tart<>luMlry : three ixiual reetanf^iilar double axes 
of Hynmmiry, mul four ta|ual triple axen etpially incliued to 
the douhlt^ axea Kxaiuph*: Hudium chlorate (NaClOa). 

2. Plagihedrie lu^uihedry: three i^iual rectangular 
c}uadru{)le tixm of Hyininetry, four triple axen as in the 
preceding, and nix double axes hiHceting the angles between 
the tjuatiruple axes. Example: cuprite (Cu.X)). 

3. Pentagonal Inmdhedry: as in No. 1, but in addition 
tliree planen of Hymimdiy at right angles to the double 
axea Example: pyrites (Et^nS^,). 

4* Tetrahiulrie hmuihi»dry: planes of Bymmetry as in 
No. 3, but in atidiiion six planes which bisect the angles 
beiwet'U tlu^ ftmuvi* planes. 

5. llohdieclry: three ecjual nadangular (piadruple axes 
of synnmdry, four triple and six <louble axt^s as befonj, in 
addititai nil the planes i>f symmetry of classes 3 and 4. 
Example: galena pPi»»S). 

4, SufutrkrH PtHNt Sl/defHH, 

T!m spech»H of regular gratings in Hpa<!e arrived at by 
Bravais and Franktmheim* on tlm assumption of an equal 
and panilhd iirnuigement throughout the crystal, satisfy 
thi! law of rational but <lt) not allow of ol)taining 

all tins thirty-two classtm of fonus descrihrsl above; they 
lead iiidin‘«l to seven sysimns, hut t)nly to fourteen classes h 

In the year 187-9 Hohneke*^ t*KUmded this conception by 
re)t‘cting the nmirieling condition involvtsl in it, tliat the 
lirriingemeni round eac*h inoleinile in the crystal is lu^t only 
Himilnr, but parallid. Tlu*. latbu' is not nect^HHary witli 
regaril to t\u* ind-iia.1 observaiitms <jn crystals; or rather it 
is detiiiitely not always the case. The ohstu^vation of 
Ilainithaiti*r on ciileiti\ for example, is conclusive on this 
jioint. Place a priHinatic cleavage block (Fig. 31) firmly 

* Ann. Mr% iga. 75. 

* r-u'irf Aw Kry$(it^it'uJ^utj, Leipzig. 
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witli an olitUHO hnriznntiil (Ih^hI hy it inti* a 

a>rreHpo!uUn^ cut in a lK»ur4), Hf» tlint thn lunijp ilin^iutiil f#’ 
o£ the. ri^ht eiel-fan* tdef in nlst* luai^.uiitiih put tln^ hliuh* 
uf a knife at a at rij 4 :hi an^h'H ta thi* up|»**r an*! jire^H 
it grathmlly iut«» th** <*ryHtal ; iltiut 
thv part uf the eryj^ta! !*» the ri^j^ht t»f 
the knife will tleftjrineil in mieh 
a way that when tin* knife reaeln^H the 
tnhkile eilgi* it will hitve aHHUine*! e'^* 
aetly the hirin i»f lui iipp*»i^ifely^"ptaeed 
!ialh'rhuiulmh**‘lreai, jiart nf the 

ealeiie <«‘etipyin|^ the nf*w piisitiuii in 
({uite luanogeniHmH phymeally, \*nl luta tin ptanr- i»f eleavii^e 
parallel t<» er// iuHteatl <jf eeif an ftinntu*ly. 

Takini^ into aeeuunt tliia jMiHMihiUty ef an arrani^p'ineiit 
wliieh in mmilar rcnuit! ea(»lt mtileeule. hut ti«»t parallel* 
Sohtieke arrived at ri-gular jwant Ny-hfruiH fextended 
l>y SehtintlieH aral Kednriuv to %vt»ieh in general eMnNi,Ht 
of Heveral congruent inttu-lnctal apatial 'gratinga/ Hiey 
fall lUHamling in their nymmAry, inn* wven hynUnm, liki* 
the Hpatial gratingn, atid yield e'Kiictly the elnaaea nf 
poHHihle cryntallographie furniH given hy the fun»lfuniait.it! 
law of gtH.am*tricfd crystal kigrnjihy K 

5« The FwmimuenUil Ltttp n/ CiyAuitutjmphif, 

If Sohneke*H thetiry ccaTeMpundrt* <in the 1*0#^ hfiiph to lli«^ 
geometrical relationHliipH n! cryatala* it filliiwa*uii lln^ oilier, 
an attempt at explnnation of tfndr phyaienl hid'iiivintir. 
Symmetry of extmaiid form ta referr«‘d !<» tlint of the 
internal structure* and explidtiH at onee \%diy aytiiiind-ry 
of pliynical propertiim itoiiicifh%H with that of t!it^ rxteriiul 
form, wliich, it h witll known. 5a th#' conteiii of the finidf-o-' 
mental law of idiynical cryHiallography. 

''J’ake^ m example, the htmlin^Ha of ria’k milh Thia aliinvn 



^ Orotlu J'*hysih&iimk§ |i|i, n^ll, ii||. 
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thnn^ equal niiniina iu ihe (Hreetion of the axes (edges of 
eulu^) aucl Four (H|ual luaxima at right angles to the 
ortah<‘dral faet\s; t!u^ tigun^ which nqu-csents the hardness 
in all iliret'iicaiH rtaind a point by ra<Ui proportional to it 
hiiH the Hyniintdry of the cube fonn, i. e. three planes of 
synuiudry at right anglt‘s to one another, and six others 
wldcdi i>aHH thnmgh the lin<‘H of intcm‘ction and bisect the 
angles betwciai tin* first thrtn' planes. 


6. Molettdar (Jo)n jmiuds. 

A concluding nanark may appended here. The pos- 
sibility menstiring mohsnilar wtdghts, due to the theory 

solutions, hmds to tlie conclusion that the niolecAxles arc 
usually <»f tht^ smnlli’si that is in agreenieut with the 
clu‘uu<*al data. In crystals, t<jo, so far as the tluHay of 
solid stdutions (p. 70) has been appliisl, no high(‘r niohicular 
eoinplext^s nwin tt> oeeur. By thi^ si<le of this the fact 
appears somewhat stirprising that in hydratt^s, c. g. Naj^SO.^ 
, lolb/b ini)Ieetit<‘H art* bnuul pijssessing a high degree of 
<‘omplt*xity. 'rhi»se seenn, however, restricted to the solid 
state, and certainly highly complex liquid molecules have 
not been ftniml to t'xist; mi Urn contrary, everytlung points 
to «mdi liy<!rates l»reaking d<jwn in solution. The inter- 
laced spatial gratings id Hohneke*s point systeiuB allow 
a coiuaqdion td* sueh lty<lrati‘H, according to which tlie 
tliHVn*nt nudecules would ladong to ditlerent gratings. It 
is important tor this vic^w that some such hydrates can 
lose their wati*r of cryHtallis'.ation witlumt di^struction of 
the crystallim* form, aliluiugli their iubuaud physical 
proptuiif*H are changed ; iluy tak<j up watcu' again on being 
placed in their former conditions. Mallard* and Klein ^ 
observisi tliis jilieiiomtmon witK certain aepaama silicates, 
the y.eoliihs. iaitidy tlie same thing has Imen observed by 


* lltflf, #lr lit SVjnt, mimmU d(> France^ 5. 255. 

* 9. 38. 
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Tammann^ with platinum double cyanides, whose com- 
position can vary between MgPtC^N^ 6-25 and 6-8H2 0 
without loss of crystalline form. 

B. Orientation of the Molecules in the Crystal. 

I. Relations heUveen Symmetry in the Crystal 
and in the Molecule, 

Since the application of the methods for determining 
molecular weights to solids (p. 70) has made it higlily pro- 
bable that the solid state is not characterized by the con- 
dition of complex molecules, the way is open to l)iiug the 
configuration of molecules, as already developed (p. 90), 
into relation with crystalline form, and especially with the 
arrangement of molecules in regular point systems (p. 141) 
which give a plausible molecular-mechanical explanation 
of that form. 

We may first mention what, of such rcsearchea, refers 
to the relations of symmetry in the molecule and in the 
crystalline structure. The leading result is the necessary 
conclusion pointed out by Pasteur, that a whole made xxy 
of similar asymmetric molecules cannot possesB symmetry. 
What in his time could not be sharply formulated lias since 
the development of stereochemistry become immediately 
clear 2. Consider as unsymmetrical grouping sueli as one 
assumes on presence of an asymmetric carbon atom, e, g. in 
ammonium bimalate : 

COOHCH,CHOHCOONH„ 

in which the four different atomic complexes or atoms, 
COOHCH2, H, OH, COONH4, are thought of as in tetra- 
hedral arrangement round the carbon atotn distinguished 
by underlining (Fig. 16, p. 105); a regular arrangement of 

^ Buxhoevden and Tammann, Zeitschr.f, anorg. Chtm, 1897, p. 319 ; 
Wied. Ann. 1897, p. 16. See also Kinne, JVewes Jahrb. MimtaL 1899, 1 , p. i ; 
Joannis, Comptes Bend. 109. 965, iio. 338. 

^ Becke, Min, u.peirogr, Mitteilungen von TscJtermak, 10. 414, la. 356. 
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Hiirli iun\*r had to a Hymmetrical wliole. So 

tilt* cTystiilliru* form t<K) of tluB Halt Ih a rhombic form 
omtlr iuiHyiitiiH*trio by the preaeoee of the Bemi-pyramids, 
ill front, abtive on the left, below on the right; liehind, 
iiliovt* on the right, btdow on the left. Though the external 
foriti in Hueli enneH thma not always show the absence of 
iiitinairtl nymumiry, other indications of the asymmetry are 
|iremmt as enmion ligures b 

If tlie tiioleevile is Byninu*,trleal, still the arrangement in 
t he c^ryntal may Itmd to an unsymmetrical whole, as is the 
eiim% e.g., with i|Uarte (vSi 
wlumi' inoleeuliirconHtitution is 
HyttiHiidric*al an aiipi^ars I’nau 
itB triatomieity, HH w<‘ll as from 
ilH inactivity in the fust m I ntate. 
tfiiHt for tluH <*aHo, Sohneke*-^ 
workt‘d out a (’ryHiaHuu*. struc- 
iur»* fliiti given an imeount of the 
oniuitimnorphic’ and therefom aHymmetric rellected image 
formn *|uart'/,, and the oppemite and e<jual optical activity 
aHHt*t‘iatefl with tlicni. AHHVime imt three spatial gratings, 
in mliieh the pariirh^Hare arranged 
iireonliiig to the trigonal priHin 
:i«}* iuterliieed an in Fig. 33, 
til whieli they a.,re projeeied on 
fill* ba«i* of the prism; poiiit i 
rri|iiireH a rotation of 120^ about 
lilt lixln pasHiiig mtrmally through 
the centre of the t4-iiingle 1 , 2,3, and 
It tltH|*liii*eifieni filtmg the latter, 

III etiine into the |Mmiiion of point 2; 
tli«^ Ifitler, a similitr screw tnova- 
iiieiif. , to 1 «»ci line 3 ; finally, a repetition of the movement gives 
II foiiilh point, whose projection, however, coincides with 
tlsfil of 1/ If then we <lraw a circle through the projections 

» fill* Mmtmkm Tmln^ Wuhhm, Jkrl. Jkr, 09. mi J 3o. 9^; 288. 

* CJrtitti# MffMalkgmphkff 1894, p. 
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and on it, as base, erect a cylinder at right angles to 
the plane of projection, it is plain that the particles will lie 
on its surface in spiral order, which is right-handed (like 
a corkscrew) when 3 is twice as far above the plane of i 
as % is, but left-handed when 3 is twice as far below that 
plane as 2 is. The spirals show these opposite senses 
whether looked at from above or below ; such a right- and 
left-handed spiral can in no way be made to coincide, for 
one is the reflected image of the other, and they are 
therefore called enantiomorphic. 

Finally, symmetry, if it exists in the molecule, may be 
raised by the crystal Two tetragonal pyramids, placed 
symmetrically on the same base, if they have the form of 
half octahedra, become an octahedron and so possess the 
symmetry of the regular system with nine planes of 
symmetry, while the individual molecules have only four. 

The symmetry present in the molecule may therefore be 
either raised or lowered by arrangement in the crystal ; for 
a greater number of compounds in which the opposing 
influences, tending to raise and lower the symmetry, partly 
neutralize, the remark of Buys-Ballot holds that the simpler 
the composition, and consequently greater the symmetry 
of the molecule, the greater the symmetry of the crystal. 
The following table ^ allows of forming an opinion on this 
point : — 


Composition 

Elements 

LiatoniG 

Triatonic 

Tetratonic 

No. of bodies . . . 

. . 40 

67 

63 

20 

Regular 

• • 50% 

mVo 

to 

5 % 

Hexagonal .... 

. . 35 n 


II 77 

35 77 

Tetragonal .... 

• • 5 7 J 

4I J 7 

19 77 

5 77 

Rhombic 

• • 5 „ 

3 „ 

,, 

50 77 

Monoclinic .... 

• • 5 

4 ? 77 

3 77 

5 77 

Triclinic 

0 „ 

0 77 

I'l 

0 77 

Mean Symmetry . . 

. . 8.4 

7*9 

6*2 

4‘7 


As an expression of the entire condition, we have chosen 
I the mean symmetry, obtained by multiplying each percen- 

^ ^ See, among others, Barlow, Zeiischr.f. KrysL 1898. 

® Zeiischr,/. Phys. Chem. 14. i, 548. 


CHANGE OF CRYSTALLINE FORM 


15 ^ 

hy tlH‘ luiniher of plaiioH of Hyininctry corresponding, 
viz. 7, 3, I, o. and ilividing the mim of those products 

hy ICO. like all Htaiistical reflations tliis has the disad- 
vantage that tin* application to }>articular cases often fails. 

2 . / ujluence nf Changes in the Molende on the 
(*rgHtn!(lne Form, 

111 the prcciHling.attinitiou was paid to the direct relation 
hf*iwo*ni Hymnudry or tin* want of it in the molecule and 
the oryMtal. A Hc(‘ond line of resi^arch is tliat of the 
inlhnaa^e which <*hangi*s in the molecule exert on corx^e- 
Mjiondiiig changt*H of form, Lt't us take first the smallest 
ctiiingeH which show thcmsidvi^s in tluf orientation or 
relative pimithm in tin* molecuk*, as polymorphism, while 
th*‘ iiiulecule an a \vholt‘ remains tluf same. Hifre we have 
cl«’iirty a ptani t»f di^partnn* in judging of the relations 
l»ct w**cn nmh’culnr coniiguration and crystalliiuf structure, 
Mine** the same t*onflgurat imi is associahsl with two ditlerent 
dlic ohnervationH colleeti*d on this suhjifct are, 
liMWcver, HU far of a purtdy (‘inpirical character, and amount 
to no mure than tin* imptirtant remark that, when the 
crystalliin* form of a polymorphic suhstance changes, there 
h cdtcii a striking etpiality in the angular and axial 
rrlatioitH to l«* noted h !.,t‘t us consider examples. 

Ft it iiHsinm nit rate, potaHsiuin sulphatif, and calcium 
ciirlioiiiite, which can all takt*, hexagonal form, i. e. with 
the iiiigle 60®, show in their possihle rliomhic forms prism 
itngh^s not very diflcn*nt from 60®— ■ actually 60^36', 51/36', 
mid 63*4/ in the three (’h.h(*h. 

tliisie Clipper iiitratt*. t’u,,(()H)jjN(.).j, which is found in 
rliomhic form witli i!ie axial ratio 

If : 5 : c = 0*9^17 : i : 1-1563, 

m cniivcrted into a monoclinie form with almost tlio same 

riitio, 

o : 5 : e = 0-919 : I' : 1 * 1402 , 

* Afjfninrf* la (inthaia-Ott(>, 1893, 74. 
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and an axial angle not very far from 90° : 

/3 = 94 *^ 33 '- 

Finally the silicate, H2Mgi9Si8 034F4, is found as liumite 
(rhombic) : 

a : 6 : c = 1-0803 : i : 4-4013, 

as chondrodite (monoclinic) : 

aih :c = 1-0803 : i : 3*1438 /3 = 90® 

and as clinohumite (monoclinic) : 

a:b : c = 1-0803 : i : 5-6588 /3 = 90°. 

This equality of form on change of structure would 
perhaps come out more strikingly if the comparison of 
angles and lengths were made, not at the ordinary tempera- 
txire, but at the transition point, since then the two forms 
have just the same stability, a fact which may be due to 
mechanical causes. In any case it is to be remarked that 
this relation between the two forms is associated with the 
possibility of a transition without upsetting the internal 
connexions of the substance. Thus, e. g., boracite passes at 
266° into the regular form without any loss of transparency, 
but only with a sudden change of optical propei'tios, 
becoming singly refracting. 

Isomeric change constitutes a deeper modification in the 
molecule. Accordingly, the accompanying change — mostly 
complete — in the symmetry of the molecule corresponds to 
a complete change in molecular structure, without any 
relations that have so far been traced. In one case, 
however, the circumstances are difterent, viz. in that of 
stereo-isomers with an asymmetric carbon atom. The two 
isomers here present, as we have seen, a difierence of con- 
figuration shown in Figs. 16 and 17 (p. 105), and known as 
enantiomorphic. A completely analogous enantiomorphie 
difference is found in the crystalline form, as is sliown in 
Fig. 18 and 19 (p. 106), for the oj)positely active ammonium 
bimalates. 
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Oil iiHHSiifjf iVom tin* active coitiponnds to the racemate, 
ill which the cnniitiomorphic molecules unite, the enantio- 
norphi-siu of crystalline structure is also destroyed, as 
n rule, in the I'uses hitherto studied the following axial 
ratios havi* li(*en found - 


Potassium hitartrate. KC^HflOg, 

Uluuuhie = o-7i68 ; i : o-737a 

Potassium hiracemate, (KC4H,()g)2, 

'rrieliiiic (i :h:r = 07053 : i : 07*52 
.. -r JtH ’ 36' fi = 102" 22' ‘ y= 87“ 16', 
so that at any rate two axiid angles are not far from 90°. 

if we have here a striking ri'Iation between the configura- 
tion of the molecule and crystalline structure, it becomes 
inui*h more so on considering the phenomena of isomorphism, 
which ^JitHcherlich timt put in the right light. That two 
iHHlies like potassium-magnesium sulphate and I'uhidium- 
ciidmium sulphate, despite their entirely ditferent com- 


position ; 

»•) 4 !'»t(wii«m 
fi ,, MiiaiH'nimu 
'.1'*) >■ Htiliileir 
.SH 7 .. osyKca 
.1 


ao-a lJuliidinm 
<9*3 fi I'nilmium 
il „ Hulpliur 

38-5 »t OxyKca 
a „ IIyttrog(*n 


siiuuhl jKiMscHH the satne moiioclinic crystalline form, which, 
moreover, imlicateH ,so close nsimilarity in internal structure 
that they form completely iiomogeneous mixed crystals in 
which one eompotind has replaced the other, is a most con- 
elusive prmif t hat the molecular-mechanical conception of the 
compounds, attributing to them the analogous formulae, 

Ks Mg (S< >4),6 1 1 ,( ), Kh,Cd {m ,),6 H/), 

cotnes very near to the fmda if otdy scheinaticidly. 

H is on this ground of isomorjihism that considerations 
may l>c ilevclojas! allowing of a deeper insight into the 
Htructiirul rclrttiiaiK in crystals. 

Jn the first place we must consider the investigation 
started hy (Irotli itn so-called morphotropy, i. 0. smaU 
chaiigeM of form which are produced hy change of composi- 
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tion despite prevailing isomorpliism. The following measure- 
ments of Topsoe furnish an example; all the compounds 
are hexagonal : — 


NR^Cl.sSgCk 


a : c 

K4=(CH3)3H . 



. . . I : 1.1075 

E* = (CH 3 )* . . 


. . , I : 1-1002 

E,= (CH3)3(C3H3): 


. . . I : 1.0855 

K4=(03H3)*. . 


. . . I : 1-0512 

E4=(C3H,)3H . 


. . . I : r .029 

E 4 = (C3H3),H3 

• • • 1 • 

. . . I : 1-025 

E* = (C 3 H.) 3 H. 


. . . I : 1-017 

E4 = (C2H3)H3 . 


... I : 0-9955 

Deeper changes are observed in 

the following cases ^ : — 

PjfCZ 4 . 

System 

Axial ratio 13 

E 4 =(CH 3 ). 

regular 

— 

E4=(CH3)3C3H5 .... 


— _ 

E. = (CH3)3(C3H,)3 . . . 

tetragonal 

I : 1-0875 — 

E3=(CH3)(C3H3)3 . . . 


I : i-oioS — 

E4-(03H3)4 

monoclinic 

, 0.9875 : I : 0.9348 90 ° 46 ' 


Here the influence affecting the form of the crystal has 
changed its system, yet without much alteration in the 
axial ratio or angle. Here plainly we have to do with di- 
or tri-morphism, and the morphotropic action has modified 
the transition temperatures, so that, e. g., with the tetra- 
methyl derivative at the ordinary temperature the regular 
form, but with the dimethyl-diethyl derivative the tetragonal 
form, is the more stable. 

The new researches of Tutton - and Muthinann ^ carry us 
still further in the direction of an insight into the position 
of the molecules in a crystal. From the latter work we 
may take some results relating to the tetragonal pliosphates 
and arsenates, whose isomorphism was observed by Mit- 


scherlich : 

Substance Molecular volumes a : c a c 

KH2l*04 58-246 I : 0-6640 I 0.664 

KH<jAs04 62-822 1 : 0-6633 1-026 0-683 

XH^HaPOi 64-170 1:0.7124 1-009 0*7^9 

NH^HaAsOi 68-842 1:0-7096 1-031 0.732 


^ Arzrani, I. c. 233. 

“ Journ. Chem. Soc. Trans. 1893. 337, 1894. 628, 1896. 344. 
^ Zeitschr.f. Kiystallographiej 1894. 
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I 

f 

i 

1^’ 


Wf^ m*i‘ friim firnfc, that in Lsoiuorpluc compounds 

liUiHjiiiit tlitihnnici* in omupnHitiaui^ivcH an equalditforeneein 
\ Mhiitir. tVir lilt* intiltHUilar vtdume (inoh'cular weight divided 

l»\‘ tin* ilriLHityl givt‘H : 

ftif Ah- P in the potaHsium salt . , . 4*57^ 

M ainmuinum „ . , . 4-671^ 

iiii 4 

fur NH|~K in tin* phemphate .... 5*924 

o amcnatn 6*020. 

Next, himever. ainl this is the chief result, the axial ratio 
reniiiiin^ iilnn«t tuialteri*tl uu replaci'unnit of jihosphorus by 
ar*^»iiic. lait rhanges by a conHi<lenibh‘ anuaiut on replace- 
tiiriil of ptiiitHNitna by auiiaouium. lad us calculate, in 
Mitb'r to exprcftH thin Ueluivitaa* more pri'cisi‘ly, tlu*, dimen- 
-0011^4 of thr fundamental pnrallelopiped, keeping for 
pi4inedtuu pltoNphale the values 

a \ 6 t, c ss 0*664. 

‘Iln* \iitunn’ is tlieu .* rr'V, and so 

II V I : 0664) : Uj'Vj IS 58*246 : 62*822, 

mliere fi|, I'l refer in file fundamental parallelepiped of 

jioiiifeduin arHeiiiite, I hit sinci* 

11^ : ej ^ I : 0*6633, 

%l'r or' I 

llj :ss- 1*026, fj « 0*683. 

liie emi'espiiiitliiig values lor th,e otlmr salts are given 
til itie ftiiirth and fifth columns of the table. It follows 
thill on rejiliieement of jHitasHium by ammonium, there is 
|iro»!iired mmruihlly only an increase in the height c of thti 
fiiiidiiiinuiliil piiralltdojiiped amounting to 0*055 and 0*049 
re:H{ii‘elive!y ; mliile a is practically unaltered, or only by 
iln^ itiiniitiits 0*009 and 0*005 respeetividy. (.)n tlie otluu' 
liiiiid,. repliicetiieiil of phosphoruH by arsenic not only 
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increases c by 0-019 0‘0I3 j but also a by 0-026 or o-oaa. 

It is then natural to assume that with the configuration 

K 

I 

O 

( 

OH— P— OH 


O 

the line passing through K — O — P =0 gives the direction 
of the principal axis c, so that the enlargement due to 
substitution of NH^ for K only lengthens the principal 
axis, whereas that due to the substitution of As for P 
produces an exipansion in all directions. 
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